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ABSTRACT
The work presented in t h i s  d i s s e r t a t i o n  is based on the Zinvn-Bragg 
model f o r  the h e l i x - c o i l  t r a n s i t i o n  In p o ly p e p t id e s .  The molecules  
studied  a re  o f  two d i s t i n c t  types ; b i o l o g i c a l l y  a c t i v e  peptides  and 
s y n t h e t ic  random c o p o ly p e p t id e s .  B i o l o g i c a l l y  a c t i v e  pept ides  discussed  
inc lude  : e~endorph in ,  £}-1 i pot rop i n , glucagon, s e c r e t i n ,  v a s o a c t iv e  
i n t e s t i n a l  p e p t id e ,  and the b ind ing  o r  B subuni t  o f  ch o le ra  t o x i n .  
Random copo lypept ides  s tud ied  inc luded copolymers o f  m-hydroxyethyI  
and a)-hydroxybuty 1 - L - g lu t a m in y l  re s id u e s ,  and io n ic  copo lypept ides  
c o n t a in in g  L -g lu tamyl  and e i t h e r  L -a la n y l  o r  L - t y r o s y l  res id u e s .
The s tud ies  on b i o l o g i c a l l y  a c t i v e  p o ly pept ides  involved r a t i o n a l ­
i z in g  the i n t e r a c t i o n s  o f  the a forement ioned pe pt ides  w i t h  a n io n ic  
l i p i d s .  The model used is based on the assumption t h a t  i n t e r a c t i o n  of  
these pept ides  w i th  a n io n ic  l i p i d s  increased the tendancy f o r  h e l i x  
fo rm at ion  by h i s t i d y l ,  a r g i n y l ,  and ly s y l  re s id u e s .  The model a l lows  
f o r  the even d i s t r i b u t i o n  o f  the end e f f e c t s  to both ends o f  a h e l i c a l  
segment.  Another important  aspect o f  the c a l c u l a t i o n  is t h a t  the  
c o n f i g u r a t i o n  p a r t i t i o n  f u n c t io n  can be used to p r e d i c t  the p o r t io n  of  
the chain  w i th  the h ighest  p r o b a b i l i t y  f o r  h e l i x  fo rm a t ion  in the  
presence o f  a n io n ic  l i p i d s .
Residues 17~29 o f  p -endorph in  a re  expected from the c a l c u l a t i o n  to  
be alpha  h e l i c a l  in the presence o f  a n io n ic  l i p i d s .  Th is  p o r t io n  o f  the  
chain  forms an am phipath ic  h e l i x  which would be expected to  i n t e r a c t  
f a v o r a b ly  w i t h  a membrane c o n t a in in g  a n io n ic  l i p i d s .
The o rder  o f  h e l i x  fo rm a t io n  Is  p r e d ic te d  to  be glucagon < s e c r e t i n  
< v as o a c t iv e  i n t e s t i n a l  p e p t id e ,  which is in agreement w i t h  exper im ent -
t i tV I I I
al  c i r c u l a r  d ichro ism  measurements.  The reg io n  o f  h ig h e s t  h e l i x  propa-  
a t i o n  p r o b a b i l i t y  is res idues  13- 20.  This  p r e d i c t i o n  is in harmony 
w i t h  v ar ious  exper iments  by o th e r  workers ,  and t h i s  segment o f  the  
chain  has been im p l ic a te d  in recep tor  b ind ing  f o r  s e c r e t i n  and vaso­
a c t i v e  i n t e s t i n a l  p e p t id e ,
A h e l i c a l  h a i r p i n  s t r u c t u r e  is p re d ic te d  f o r  the B subuni t  o f  c h o l ­
e ra  to x in  in dodecyl s u l f a t e .  The t r a n s i t i o n  from S - s t r u c t u r e  to 
a - h e l i x  occurs over  a length  o f  t ime comparable to the p r e v io u s ly  des­
c r ib e d  lag per io d  observed in v iv o  and in v i t r o .  The conform at iona l  
t r a n s i t i o n  may be r e la t e d  to  the pathogenesis  o f  the t o x in .
The host guest technique  was u t i l i z e d  in o rd er  to  dete rmine  o and s 
f o r  uj-hydroxyethy 1 -L - g lu ta m i  nyl res idues  in w a t e r .  Hydroxybuty1- L -  
g lu ta m in y l  served as the host re s id u e .  A temperatu re  independent value  
o f  1 x 10‘ 5 f o r  o . The va lue  o f  s was seen to  vary  from 0 .9 ^ 0  a t  A°C to 
0 .9 2 5  a t  6*t°C. The r e s u l t s  here a r e  c o n s is t e n t  w i th  a smooth decrease  
in such va lues  from hyroxybuty l  to hydroxypropy1 to h y d r o x y e t h y l - L - g l u -  
taminyl  re s id u e s .  These r e s u l t s  would r u l e  out  the p o s s i b i l i t y  o f  
severa l  t h e o r e t i c a l  s t r u c t u r e  f o r  t h is  res idue  e . g .  i n t r a r e s i d u e  
hydrogen bonding,  a t  l e a s t  in a p o la r  s o lv e n t  such as w a t e r .
The Zimm-Rice theory  fo r  the h e l i x - c o i l  t r a n s i t i o n  in charged homo­
p o ly pept ides  was used in an a t tem pt  to  r a t i o n a l i z e  c i r c u l a r  d ichro ism  
and p o t e n t io m e t r i c  t i t r a t i o n  data  f o r  random copolymers c o n t a in in g  L-  
glutamyl res idues  a long w i t h  e i t h e r  L - a la n y l  o r  L - t y r o s y l  r e s id u e s .
This  method was found to f a i l  and no r a t i o n a l i z a t i o n  could be g iven  
f o r  a d j u s t in g  the parameters  o f  the model to b r in g  about agreement.
One p o s s ib le  reason may be the model 's  f a i l u r e  to  t r e a t  1 -3  and 1-1*




The body o f  t h i s  work is involved in de te rm in ing  to what e x t e n t  the  
loca l  s t r u c t u r e  o f  r e l a t i v e l y  l a r g e  chain  molecules determines the  
dimensions and o th e r  p r o p e r t i e s  o f  such m olecules .  The physica l  
chemical  p r i n c i p l e s  a re  the same whether  the molecule  in quest ion  is  
polym ethy lene ,  a polymer o f  commercial  importance,  or 6 -e n d o rp h in ,  
a s p e c i f i c  sequence p o ly p e p t id e  o f  b ioc hem ica l ,  p h a rm lc o lo g ic a 1, and 
medical i n t e r e s t .  Each type o f  molecule  has d i s t i n c t i v e  d i s t i n g u i s h i n g  
c h a r a c t e r i s t i c s ,  and the task  which is attempted in th is  in t r o d u c t io n  
is to dete rmine what assumptions a re  v a l i d ,  and a ls o  which methods 
represent  a cogent a n a ly s is  o f  the c h a r a c t e r i s t i c s  o f  a g iven  
molecule .  Th is  c hapter  is a s e l f - c o n t a i n e d  I n t r o d u c t io n  to  the basic  
s t a t i s t i c a l  mechanical  machinery used to r a t i o n a l i z e  c e r t a i n  conforma­
t i o n a l  p r o p e r t i e s  o f  p o ly p e p t id e s .  The chapters  which f o l l o w  a re  
s tud ie s  which range in scope from very  s p e c i f i c  b i o l o g i c a l l y  important  
i n t e r a c t i o n s  between p ro te in s  and l i p i d s  to  basic  s tu d ie s  designed to  
y i e l d  fundamental  i n fo rm a t io n  p e r t i n e n t  to many v a r ie d  s i t u a t i o n s .
One very  fo rm id a b le  problem which has not been solved is how th ree  
dimensional  in fo rm a t io n  is s to red  and t r a n s m i t te d  v ia  the g e n e t ic  code.  
This  code determines the sequence o f  the amino a c id  res idues  which make 
up a given p r o t e i n  m olecu le .  Modern b io p h y s ic a l  research  has shown th a t  
the sequence o f  the amino a c id  res idues  determines the " n a t i v e "  
s t r u c t u r e  o r  conformat ion  which the p r o t e i n  adopts .  ' The quest ion  o f  
how t h i s  sequence determines which conformation  among the s tagger ing  
number o f  conformations  a c c e s s ib le  to the c ha in  i t  w i l l  adopt as the  
n a t i v e  conformation  has not ye t  been co m p le te ly  answered. However,
1
2
g re a t  s t r i d e s  have been made towards t h i s  end.
The s t r u c t u r a l  p r o p e r t i e s  o f  p ro te in s  have been d iv id e d  in to  
several  c la s se s  or h i e r a r c h i e s .  These c lasses  a r e  p r im ary ,  secondary,
7
t e r t i a r y ,  q u a te r n a r y ,  and p e n t i a r y  s t r u c t u r e .  The pr imary  s t r u c t u r e  
o f  a p r o t e i n  is the sequence o f  the amino a c id  residues which make up 
the  molecule  commencing w i th  the amino te rm ina l  res idue  ( N - t e r m i n u s ) , 
and ending w i t h  the carboxyl  te rm in a l  res id u e  ( C - te r m in u s ) .  Secondary 
s t r u c t u r e  is the name g iven to any re g u la r  arrangement o f  ad jac en t  
res idues  in space.  T e r t i a r y  s t r u c t u r e  r e f e r s  to the f o ld in g  o f  these  
secondary s t r u c t u r e s  i n to  the n a t i v e  g lo b u la r  or  f ib r o u s  conform at ion .  
Quaternary  s t r u c t u r e  invo lves  the i n t e r a c t i o n s  between component chains  
o f  o l ig o m e r ic  p r o t e i n s .  P e n t i a r y  s t r u c t u r e  is the most complex o f  a l l ,  
and r e f e r s  to the fo rm a t ion  o f  la rg e  complexes by several  la rg e  
o l ig o m e r ic  p r o t e i n s .  A good example o f  t h i s  is the pyruvate  dehydrogen­
ase complex, which is formed by several  l a rg e  enzyme m olecules .  3
Before c o n s ider ing  any s p e c i f i c  conformations o f  a p e p t i d e ,  i t  is  
important  to f i r s t  cons ider  the s t r u c t u r e  o f  the p e p t id e  backbone and 
the im p l ic a t io n s  f o r  the c onform at iona l  p r o p e r t i e s  o f  p r o t e i n s .  A 
r e p r e s e n t a t i v e  p o r t io n  o f  a p o ly p e p t id e  backbone is shown in f i g u r e  1.
Due to  the p a r t i a l  double bond c h a r a c te r  o f  the amide bonds, these
bonds remain f o r  the most p a r t  in the p lan ar  t ra n s  c o n f i g u r a t i o n ,
r  _  0
w i th  the exce p t io n  o f  c e r t a i n  p r o l i n e  res idues*  Th is  means t h a t  s ix
atoms, namely,  the amide n i t r o g e n  and hydrogen, the carbonyl carbon and
oxygen, and two successive a lpha carbons a re  conf ined  to  a p lane .  As a 
consequence o f  t h i s  f a c t ,  ne ighbor ing  a lp ha  carbons a r e  e q u i d i s t a n t  to  
a good a p prox im at ion .  This means t h a t  a p o ly p e p t id e  c ha in  can be 
considered as a chain  o f  a lpha carbons connected by v i r t u a l  bonds as
3
F igure  1 . A d e t a i l e d  repres ents  ion o f  a p o r t io n  o f  a p o ly p ep t id e  chain  
in the f u l l y  extended conformat ion  f o r  which,  by c o n v e n t i o n , 9 
the values o f  and  ̂ a re  equal  to z e ro .  Successive amino
a c id  residues a re  indexed i-1 , i ,  and i+1 . V i r t u a l  bonds a re
shown as dashed l i n e s .  Group d ip o le  moments a r e  in d ic a te d  by 
arrows (m ) . n *  2 2 .2  , £ ■ 3 .2  , and 1 . ,  the len g th  o f  a
v i r t u a l  bond, is equal  to  3 .8  Angstroms. 10
It




shown in f i g u r e  1.  With  these r e s t r i c t i o n s  on the conformat iona l  
p r o p e r t i e s  o f  the p o ly p e p t id e  backbone i t  is o f  i n t e r e s t  to  note  
e x a c t l y  which v a r i a b l e s  dete rmine  the conform at ion  o f  the backbone. The 
v a r i a b l e s  which f i t  t h i s  d e s c r i p t i o n  a r e  the two r o t a t i o n a l  angles $ 
and i>. When the va lues  f o r  these two angles a r e  known the conformat ion  
o f  the backbone can be r ig o r o u s ly  d e sc r ib e d .  U n f o r t u n a t e ly ,  th e re  a re  
two conventions used in the l i t e r a t u r e  to d e sc r ib e  the r e f e re n c e  s t a t e  
o f  $ and 9*11 The convent ion  used in t h i s  d i s s e r t a t i o n  takes the  
f u l l y  extended chain  as the r e fe re n c e  s t a t e ,  and thereby  assigns a 
value  o f  zero  fo r  the angles  and i> f o r  t h i s  p a r t i c u l a r  conformat ion.  9 
The va lues  f o r  these angles  f o r  succeeding res idues  may be i d e n t i c a l  
as is the case w i th  c e r t a i n  secondary s t r u c t u r e s ,  or they may be 
d i s t r i b u t e d  randomly w i t h i n  c e r t a i n  l i m i t s  as is the case f o r  a random 
c o i l  p o ly p e p t id e .  The term random c o i l  here  r e f e r s  to a concept from 
polymer c h e m is t ry .  This  s p e c i f i c a l l y  means a chain  molecule  which
does not adopt any s p e c i f i c  c o n fo rm a t io n ,  but has conform at iona l  
p r o p e r t i e s  which are  random, and the p r o p e r t i e s  o f  the c ha in  can be 
r a t i o n a l i z e d  best v ia  s t a t i s t i c a l  mechanics.  Many s y n t h e t ic  homopoly­
pept ides  and b i o l o g i c a l l y  a c t i v e  pe pt ides  e x i s t  as random c o i l s  in 
aqueous s o l u t i o n .  T h e re fo re  i t  is o f  g r e a t  importance to  study and t r y  
to r a t i o n a l i z e  the p r o p e r t i e s  o f  the random c o i l  p o ly p e p t id e .  When 
in s ig h t  is gained in to  the random c o i l  s t r u c t u r e  f o r  a g iven  c h a in ,  
in fo rm a t io n  about which conformat ions  a re  a c c e s s ib le  to the c h a in ,  and 
a ls o  which ones a re  more fa v o r a b le  from an e n e r g e t i c  s t a n d p o in t ,  and 
may t h e r e f o r e  be p r e v a le n t  is a ls o  ga ined .
In o rd e r  to assess which conformat ions  a r e  p o s s ib le ,  and to compare 
them from an e n e r g e t i c  s t a n d p o in t ,  the p o t e n t i a l  energy as a f u n c t io n
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of  0 and 0 must be dete rm ined .  The f i r s t  s tep in t h i s  d i r e c t i o n  was
12taken by Ramachandran and h is  coworkers,  who used a hard sphere  
p o t e n t i a l  in o rd e r  to determine  which conformations could be ru led  out  
on s t e r i c  grounds. They used t h i s  p o t e n t i a l  to  d i s t i n g u i s h  a l lowed
from d is a l lo w e d  reg ions o f  con form at iona l  space.  Then they reduced the
i n t e r a c t i o n  r a d i i ,  and designated  another  reg io n  as p a r t i a l l y  a l lo w ed .  
Figure  2 shows the Ramachandran map f o r  an L -a la n y l  r e s id u e .  The 
lo c a t io n  o f  several  ordered s t r u c t u r e s  a re  noted on t h i s  f i g u r e .  I t  is 
o f  i n t e r e s t  a t  t h i s  p o in t  to note  t h a t  a l l  o f  these s t r u c t u r e s  appear  
in e i t h e r  a l lowed or  p a r t i a l l y  a l lowed regions  o f  the map.
Th is  same idea was explored  in a much more r ig orous  manner by P. J.
F lo ry  who used more r e a l i s t i c  p o t e n t i a l  fu n c t io n s  to d e sc r ib e  the  
loca l  i n t e r a c t i o n s  w i t h i n  the p e p t id e  c h a in .  The express ion  used fo r  
c a l c u l a t i n g  the conform a t iona l  energy is as f o l lo w s  ; 1 3 *1 ^ ,15
E U  *) -  (E° / 2 )  (1 -cos  3 * )  + (E° / 2 )  ( l - c o s  3
+ I  E1 1  ( 0, + E_
k , l  K
The summation term inc ludes  the i n t e r a c t i o n s  fo r  every  nonbonded p a i r  
o f  atoms whose d is ta n c e  o f  s e p a ra t io n  is dependent upon the  v a lu e  o f  
0 and 0. The Ec term re p rese n ts  the coulombic i n t e r a c t i o n s  which a r i s e  
from the e l e c t r i c a l  asymmetries o f  the c ha in  caused by the la rg e  
d i p o l e  moments o f  the a d ja c e n t  amide groups. The i n t e r a c t i o n  between
atoms k and 1 can be c a l c u l a t e d  by the f o l l o w i n g  expression  ;
Ekl < * . *>  *  a k l / r k i m " c k l / r k l 6 (2)
where the f i r s t  term rep res e n ts  r e p u l s i v e  and the second term
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The Ramachandran s t e r i c  map ^  f o r  the L -a la n y l  re s id u e .  
Allowed regions a re  enclosed by s o l id  l i n e s ;  p a r t i a l l y  
al lowed regions a re  enclosed by dashed l i n e s .  Conformations  
f o r  several  common ordered s t r u c t u r e s  a re  denoted on the map 
as f o l lo w s ;  r i g h t  and l e f t  handed a lpha  h e l i c e s ,  a , 
p a r a l l e l  p lea te d  sh e e t ,  -M , a n t i p a r a l t e l  p le a te d  s h e e t , - t ;  , 
p o ly g ly c in e  - I I  and p o l y - L - p r o l i n e - I  I , I I  ,and the c o l la g e n  
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a t t r a c t i v e  i n t e r a c t i o n s .  When the exponent m has a v a lue  o f  1 2 ,  then 
the p o t e n t i a l  is the f a m i l i a r  Lennard-Jones p o t e n t i a l .  ^  When a 
c a l c u l a t i o n a l  method such as t h i s  is used th e re  a r e  no c u t o f f  p o in ts  
or a l lowed or  d is a l lo w e d  re g io n s ,  instead a cont inuous p o t e n t i a l  energy  
f u n c t io n  is o b ta in e d .  The conform at iona l  energy map f o r  the L -a la n y l  
res idue  c a l c u l a t e d  in t h i s  manner is d e p ic ted  in f i g u r e  3.
These c a l c u l a t i o n s  have shed a g r e a t  deal  o f  l i g h t  upon those  
i n t e r a c t i o n s  which a r e  important  to  the c onform at iona l  e n erg ie s  o f  
p o ly p e p t id e s .  More im p o r t a n t l y ,  however, t h i s  in fo rm a t io n  can be used 
in c o n ju n c t io n  w i th  o th e r  methods to c a l c u l a t e  q u a n t i t i e s  which a re  
e x p e r im e n t a l l y  a c c e s s ib le .  This i s ,  o f  course ,  where the t r u e  t e s t  o f  
any t h e o r e t i c a l  c a l c u l a t i o n  l i e s .  Among the q u a n t i t i e s  whose c a l c u l a ­
t io n  is o u t l i n e d  in t h i s  chap ter  a r e  ; the end to  end v e c t o r ,  r ,  the  
square o f  the magnitude o f  r ,  r , the rad ius  o f  g y r a t i o n ,  s, and the  
square o f  the rad ius  o f  g y r a t io n .  The c a l c u l a t i o n  o f  the s t a t i s t i c a l  
mechanical  averages o f  these q u a n t i t i e s  and a ls o  the c a l c u l a t i o n  o f  the  
c h a r a c t e r i s t i c  r a t i o  is a ls o  o u t l i n e d .  Other q u a n t i t i e s  such as the  
d ip o le  moment and o p t i c a l  a n is o t ro p y  can be c a l c u l a t e d  in a s i m i l a r  
manner.
The end to end v e c to r  f o r  a chain  molecule  in a p a r t i c u l a r  
conformat ion  may be w r i t t e n  as fo l lo w s  ;
n
r -  E 1, ( 3 )
i -  1 '
where l j  is the v i r t u a l  bond expressed as a v e c t o r ,  and a l l  o f  the  
v i r t u a l  bond v ec to rs  a r e  expressed in the same re fe re n c e  frame. The 
way in which the c o o rd in a te  system f o r  a g iven  bond is des ignated
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Figure  3 . The conformat iona l  energy map f o r  the L -a la n y l  res idue
c a lc u la t e d  using equat ion  1, w i th  Ec es t im ated  on the basis  
basis o f  p o in t  monopole charges.  The contour  l i n e s  re prese nt  
a change o f  1 Kcat mole- ' .  The energy minimum is denoted by 









is shown in f i g u r e  A. For a p o ly p e p t id e  chain  t h i s  would repres ent  the  
alpha  carbons connected by v i r t u a l  bonds. I t  is a t  once obvious from  
the  d iscuss ion  above t h a t  in o rd e r  to c a l c u l a t e  the end to  end v e c t o r ,  
a method must be found f o r  expressing  a g iven bond v e c to r  in  one 
re fe re n c e  frame in the re fe re n c e  frame o f  ano ther  bond v e c t o r .
The mathemat ical  method employed f o r  expressing  a given v e c to r  in 
the c o o rd in a te  system o f  the preceeding bond v e c to r  is the s i m i l a r i t y  
t r a n s f o r m a t io n .  I t  can be shown t h a t  e x i s t s  a m a t r i x ,  T j , which is 
capable  o f  t ran s fo rm in g  a v e c to r  v in to  the c o o rd in a te  system o f  v e c to r  
v 1, For a s imple  bond as shown in f i g u r e  U t h i s  m a t r i x  can be w r i t t e n  ;
where y' ■ Tj y.  The a c t u a l  t ra n s fo r m a t io n  o f  a v i r t u a l  bond in a 
p o ly p e p t id e  chain  from one r e fe re n c e  frame to  another  is not q u i t e  as 
simple  as the process o u t l i n e d  above.  Th is  process a c t u a l l y  involves  
th re e  separa te  t r a n s f o r m a t io n s ,  and t h e r e f o r e  th re e  t r a n s fo rm a t io n  
m a tr ic e s .  In the process o f  t r a n s f o r m a t io n ,  the former re fe re n c e  frame  
is  brought in to  co inc ide nce  w i t h  the f i n a l  one by a r o t a t i o n  t  about  
the z a x is  o f  the i n i t i a l  r e fe re n c e  fram e,  fo l lo w ed  by a r o t a t i o n  p 
about the x a x is  o f  the f i n a l  re fe re n c e  frame.  The axes (x y z ) ; + j  a re  
r e l a t e d  to the r e fe re n c e  frame o f  the a c t u a l  bond C^-C o f  re s idue  i by 
the f o l lo w in g  r o t a t i o n s  ; t  = - n , and p -  j . T h e re fo re  the t ra n s fo rm a ­
t i o n  m a t r i x  f o r  t h i s  process may be w r i t t e n  as ;
c o s 8 ; s in6 0
sin6jCos(fi[ -cosejcos^.  sin<jj
slne.sln<{>, - c o s e . s i n $ .  -c os^ .
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Figure  V  C a r te s ia n  re fe re n c e  frames as d e f in e d  f o r  the bonds o f  a
chain  molecu le .  The z axes a re  not shown. They a re  p e rp e n d ic ­
u l a r  to the plane  o f  the f i g u r e ,  and a re  des ignated  so as to
10






■slnncos^j cosncos^; - s l n ^ .
-sinnsinifi . cosnsin^j  cosi^
(5 )
The t r a n s fo r m a t io n  from bond Ca-C to bond Ca -N makes use o f  the  
r o t a t i o n s  t  ■ 0  , and p *  it -  <J>j, and the subsequent t r a n s fo rm a t io n  
m a t r i x  is ;
I  ( e , t t - . )
cose sine
s inecos^.  - c o s 0 cos$i  s in ^ .
s i n e s i n i .  -cosesin<t.  -cosd>.
i i i
(6 )
The t r a n s fo r m a t io n  is completed by t ran s fo rm in g  from Ca-N to  v i r t u a l  
bond i .  This  invo lves  one r o t a t i o n ,  namely,  t « E , and the m a t r i x  ;
T U . O )
cos £ 
•s in£  
0







The t o t a l  t ra n s fo rm a t io n  from the re fe re n c e  frame o f  v i r t u a l  bond i + 1 
to th a t  f o r  i is  e f f e c t e d  by m u l t i p l y i n g  the v ec to r  by the product o f  
these three  m a t r i c e s ,  o r  ;
< 8 )
Up to t h i s  p o in t  o n ly  c a l c u l a t i o n s  c a r r i e d  out f o r  a chain  in one 
s p e c i f i e d  conformation  have been c o n s id ered .  In o rder  to extend these  
methods to inc lude  the t rea tm ent  o f  chains which may e x i s t  in a number 
o f  c on form a t ions ,  a method f o r  d e te rm in in g  the average  o f  t ra n s fo rm a­
t i o n  m a tr ice s  over  the d i f f e r e n t  p o s s ib le  conformations is needed. The
16
average o f  several  t ra n s fo rm a t io n  m a tr ice s  can be expressed as an 
in te g r a l  ;
< I i  ■■■ I j - 1 > "  t l i  I j . , )  e*P { “E ( I ) / R T )  d (1 )  ( 9 )
T77TJ exp { -e (d /r t}  arn
where E {1) represen ts  the energy o f  conformation  ( 1 ) ,  R is the gas 
c o n s t a n t ,  and T is a b s o lu te  tem perature .  The angle  bracke ts  denote the  
s t a t i s t i c a l  mechanical  average over  a l l  po s s ib le  conformations o f  the  
c h a 1 n.
A s i m p l i f i c a t i o n  o f  equat ion  9 may be ob ta ined  i f  independent  
r o t a t i o n a l  p o t e n t i a l s  a re  assumed. The s im p les t  way to t e s t  t h i s  
assumption is v ia  d e t a i l e d  study o f  p e r t i n e n t  molecu la r  models.  When 
t h i s  is done f o r  a po ly p ep t id e  i t  can be seen t h a t  o v e r la p s  obta ined  
in the process o f  v a ry in g  one o f  the a n g le s ,  e i t h e r  ^ or 0 , a re  very  
dependent upon the va lu e  o f  the o th e r  a n g le .  Under c lo se  s c r u t i n y ,  
however, i t  can be seen t h a t  such i n t e r a c t i o n s  encountered w i th  these  
in terdependent  p a i r s  o f  angles a r e  independent o f  the va lues  f o r  $ 
and f o r  ne ighbor in g  re s id u e s .  Since t h i s  is t r u e ,  the conform at iona l  
energy can be expressed as a sum :
n- 1
E < I ) *  E ( 10)
i - 1
The a b i l i t y  to  separa te  the con form at iona l  energy ,  along w i t h  the f a c t  
th a t  the t ra n s fo rm a t io n  o f  a v e c to r  from one re fe re n c e  frame to  
another  is a fu n c t io n  o f  o n ly  two a n g le s ,  permits  the f a c t o r i z a t i o n  o f  
the i n t e g r a l s  in e quat ion  9  i n to  s ep ara te  i n t e g r a l s  f o r  each bond.
Th is  means th a t  equat ion  9 can be rep laced  by the product o f  r a t i o s
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such as ;
<Tj> -  / T .  exp { - E ( 1 , ) / R T }  d ( l j )  (11)
/ex p  { - E ( I j ) / R T } d ( l j )
From t h i s  i t  can be seen t h a t  the average product o f  severa l  t r a n s f o r ­
mation m atr ices  can be expressed as the product o f  the averages o f  the  
in d iv id u a l  t ra n s fo rm a t io n  m a t r ic e s ,
J - 1
<T. . . .  T t > -  TT <Th > ( 1 2 )
h= i
i t  should be emphasized t h a t  t h i s  s i m p l i f i c a t i o n  is not po s s ib le  fo r  
the g r e a t  m a j o r i t y  o f  macromolecules,  and i t  is most f o r t u n a t e  th a t  
such is the case f o r  p o ly p e p t id e s .
An average t ra n s fo rm a t io n  m a t r i x  can be expressed as ;
< T . >  -  T U . O )  < T ( e , $ j )  T ( - n , - * j )  > (13)
The c o n f i g u r a t i o n  p a r t i t i o n  f u n c t io n  may be w r i t t e n  as ;
Z = E I  exp { - E U ,  <f)/RT> <1M
♦ *
By using equat ions  13 and H ,  <T j> can be e v a lu a te d  n u m e r ic a l ly .  To 
accomplish t h i s ,  the product o f  the m a tr ice s  w i t h i n  the angle  bra ck e ts  
in equ at io n  13 is computed a t  i n t e r v a l s  o f  <)> and i f , Each product is 
then m u l t i p l i e d  by the a p p r o p r ia t e  Boltzmann f a c t o r ,  exp ( -E (<f , i f ) /R T )  , 
o f  the conform at iona l  energy a t  the a p p r o p r i a t e  va lues  o f  if and 'J>. The 
sum o f  these terms is then d iv id e d  by the c o n f i g u r a t i o n  p a r t i t i o n  
f u n c t i o n ,  Z,  f o r  the res idue  a t  I d e n t i c a l  i n t e r v a l s  o f  ♦ and if, Th is  
q u o t ie n t  is then m u l t i p l i e d  by the m a t r i x  T ( £ , 0 )  to  g ive
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The average  t ra n s fo rm a t io n  m atr ices  have been eva lua ted  f o r  several  
re s id u e s .  The average t ra n s fo rm a t io n  m a tr ice s  used f o r  computationa l  
purposes a re  l i s t e d  below ;
0. 51 0 . 2 0 0 .5 9
<Tc >15 ( a t a )  - - 0 . 046 - 0 . 6 1 0 . 2 1 (15)
0 .6 5 - 0 . 2 3 - 0 . 3 0
0. 36 - 0 . 0 7 7 0
<Tc >1 5 ( g ly )  - - 0 . 092 - 0 . 0 3 7 0 ( 1 6 )
C 0 - 0 . 0 1 2
0. 593 0 . 3 1 6 - 0 . 0 0 1
<Tc >1 9 (pro) - 0. 117 - 0 . 5 0 3 - 0 . 0 0 3 (17)
0 . 0 0 1 0 .007 - 0 . 3 1 5
0 .5 0 0 .1 4 0 . 8 1
<Tc >^ ® (a la -p ro ! -0 .0 3 1 - 0 . 7 3 0 .0 9 8 ( 1 8 )
0 .6 7 - 0 . 0 8 4 - 0 . 3 2
0 .4 7 0 . 2 0 0
-
<Tc >2 0 ( g ly - p r o l s 0 .0 1 9 - 0 . 0 0 2 1 0 (19)
0 0 0 . 0 3 8
0 .423 0 .4 7 4 0 .5 4 8
< V 21 (p ro -pro ; = - 0 . 5 8 9 - 0 . 2 2 1 0 . 5 8 2 ( 2 0 )
0 .6 4 0 - 0 . 6 6 7 0 . 1 8 6
These m a t r ic e s  can be used in c o n ju n c t io n  w i t h  o t h e r  methods as w i l l  
be shown s h o r t l y ,  to reproduce e xper im enta l  r e s u l t s  f o r  the
19
a p p r o p r i a t e  random c o i l  p o ly p e p t id e s .  These r e s u l t s  a r e  best  
i l l u s t r a t e d  by the c a l c u l a t i o n  o f  th re e  q u a n t i t i e s  ; the mean squared 
end to end d is t a n c e ,  <r^ > ,  the mean squared rad ius  o f  g y r a t i o n ,  <s2> , 
and the c h a r a c t e r i s t i c  r a t i o ,  Cr .
The square o f  the magnitude o f  the end to end v e c to r  may be w r i t t e n  
as ;
n n
r 2  -  r  • r -  ( r 1 . )  • ( e l_j) ( 2 1 )
i - 1  j - 1
For purposes o f  i l l u s t r a t i o n ,  equat ion  21 may be r e w r i t t e n  as the  
f o l l o w i n g  a r r a y  ;
! i  ■ h  + ! i  ' * 2 + I l  ‘ *3 + 1 1 ‘ I n
I 2  ■ I I  + I 2 1 2 + 1 2  ‘ 13 + ■ • • I 2 ' In




1 3 * 13 + . . .  I 3  * i n  ( 2 2 )
In  ' i l  +
•
In 1 2 + In * -3 + • * • In  ' In
From t h i s  express ion  i t  is obvious t h a t  r 2  can be r e w r i t t e n  as the sum 
o f  two sums. These a re  the sum o f  the diagonal elements o f  equ at io n  22,  
( l x  * Lx> • an(* a sum t 0  accour)t  f ° r the upper and lower t r i a n g u l a r  
elements .  The l a t t e r  is m u l t i p l i e d  in o rder  to  account f o r  both the  
upper and lower t r i a n g u l a r  e lem ents .  The r e s u l t i n g  express ion  f o r  r 2  is 
n
r 2  -  E l . 2  + 2  E 1• ■ I ; (23)
i - 1  i <j
Th is  express ion  is not in a very  conven ient  form f o r  the c a l c u l a t i o n  
o f  r 2  f o r  l a rg e  cha ins .  In o rde r  to  make the problem t r a c t i b l e ,
2 0
advantage is taken o f  the f a c t  t h a t  the dot product o f  1 . and l j  may be 
expressed as 1 .^  X 1 j , where is the transpose o f  the bond vec tor  
l j ,  and the v ec to r  l j  is  expressed in the  c o o rd in a te  system o f  1 j .
With  t h i s  in mind t h i s  product can be r e w r i t t e n  as ;
!i • !j - b T <Ti Tj- i > !j ^
By ta k in g  th is  in to  c o n s id e r a t io n  equ at io n  23 can be r e w r i t t e n  as ;
2 *  ! i  • ! j  -  2 I l | T(T i I | + | •••  l j - , )  l j  (25)
i < j  1  <_ i < j  <_n
The square o f  the magnitude o f  the  end to  end v e c to r  can now be 
expressed as ; 
n
r 2 1 ] \ 2 + 2  Z I i T ( I i I i + 1  ■■■ T j - l )  ] j  <2 6>i = 1 1 <_i <jj^n
I f  the s t a t i s t i c a l  mechanical  average is d e s i re d  then a l l  t h a t  is
needed is the s u b s t i t u t i o n  o f  the average  t ra n s fo rm a t io n  m a tr ic e s  in to
equ at io n  2 6 .
M a t r i x  methods have been developed which make the c a l c u l a t i o n  of
q u a n t i t i e s  such as < r 2> r e l a t i v e l y  easy to  accomplish w i t h  the a id  
1Ao f  a computer. This is done by making use o f  what a re  known as 
ge nera to r  m a t r ic e s .  A g e n e ra to r  m a t r i x  is a m a t r i x ,  which upon s e r i a l  
m u l t i p l i c a t i o n  o r  some o th e r  s t r a ig h t f o r w a r d  o p e r a t io n ,  y i e l d  the  
de s i re d  e n t i t y .  As an example the fo r m u la t io n  o f  such a m a t r i x  to
c a l c u l a t e  < r^> is o u t l i n e d  below. I t  can be seen from equat ion  26 t h a t
the c a l c u l a t i o n  o f  < r 2 > re q u i re s  the  summation o f  th re e  c las ses  o f  
terms when n>1.  These th re e  c lasses  o f  terms can be d i s t in g u is h e d  as 
fo l lo w s  ; i )  terms f o r  which n<_i<j , i i )  terms w i t h  i<n<rj,  and i i i )
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terms where i< j< n .  The terms in c la ss  one a re  m u l t i p l i e d  by a t  
stage  i .  Class two terms have acqu ired  1 .^  but not l j  a t  stage i .  
L a s t l y ,  the terms in c las s  th re e  have acq u i re d  l j T  and 1  ̂ p r i o r  to  step  
i ,  and a re  t h e r e f o r e  complete .  The g en era to r  m a t r i x  which genera tes  
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The mean squared end to end d is ta n c e  Is ob ta in ed  from the f o l lo w in g  
o p e r a t io n  in v o lv in g  Gj ;
<r2 > -  G1 Gn - 2  Gn ( 28 )
where Q1 and Gr a re  the f i r s t  row and the l a s t  column o f  G. , r e s p e c t ­
i v e l y .
Another q u a n t i t y  o f  i n t e r e s t  which can be c a lc u l a t e d  in a s i m i l a r  
manner is the rad ius  o f  g y r a t io n  s,  and s2 . The rad ius  o f  g y r a t io n  of  
a chain  molecule  is d e f in e d  as the root mean squared d is ta n c e  o f  a 
group o f  atoms from t h e i r  common c e n t e r  o f  g r a v i t y .  This  can be 
c a l c u l a t e d  f o r  the a lpha  carbons o f  a p o ly p e p t id e  c ha in  using methods 
s i m i l a r  to  those o u t l i n e d  f o r  the c a l c u l a t i o n  o f  < r2 >.
Consider a chain  w i th  n + 1 alpha carbons jo in e d  by n bonds, and i f  
Sj is the d is ta n c e  o f  a lpha  carbon i from the c e n te r  o f  g r a v i t y  o f  the
chain  f o r  a c e r t a i n  c o n form a t ion ,  then ;
{n + I ) ' 1 r  s . :
i - 0  '
( 29 )
This  can be r e w r i t t e n  in terms o f  the i n t r a c h a in  d is tan ce s  as fo l lo w s  ;
s 2  •  (n + I ) " 2  e r  j j 2  (30)
where r - j  is the d is ta n c e  between elements i and j .  (see re fe re n c e  1 0 , 
appendix A) I t  was shown e a r l i e r  t h a t  the d is ta n c e  between two elements  
can be wr i t t e n  as ;
r j j 2  -  Q; + 1 (G ) j - i ' 2  G j ,  f o r  J?1 2 (31)
By s u b s t i t u t i n g  t h i s  in to  equat ion  28,  the f o l l o w i n g  expression  is
ob ta ined  :
s 2  -  (n + I ) " 2  E Gi + , (G) - * ~ 1 - 2  G j + E l . 2  (32)
K j - i  ~ ~J j « 1  J
The ge nera to r  m a t r i x  re q u i re d  to  c a l c u l a t e  s2 , S - ,  is c lo s e l y  r e la t e d  
to  the g e n e ra to r  m a t r i x  requ ired  f o r  the c a l c u l a t i o n  o f  r . The squared  
rad ius  o f  g y r a t io n  is ob ta in e d  by the f o l l o w i n g  o p e r a t io n  ;
s 2  = (n + I ) " 2  S , ( S | ) n " 2  Sn ( 3 3 )
where Sj is the re q u i re d  g e n era to r  m a t r i x ,  and and Sn a re  the  f i r s t  
row and the l a s t  column o f  the g e n e ra to r  m a t r i x ,  r e s p e c t i v e l y .  The 
re q u i re d  genera to r  m a t r i x  is ;
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The mean squared rad ius  o f  g y r a t io n  can be c a l c u l a t e d  as shown
( n
p r e v io u s ly  f o r  < r £ > , by simply s u b s t i t u t i n g  the average t ra n s fo rm a t io n  
m atr ices  in to  e quat ion  3 3 -
Now th a t  the methodology f o r  de te rm in in g  average t r a n s fo rm a t io n  
m a tr ic e s ,  and t h e i r  uses in c a l c u l a t i n g  the mean squared end to end 
d i s t a n c e ,  and the mean squared rad ius  o f  g y r a t i o n ,  the next impor tant  
quest ion  to answer is how these c a lc u l a t e d  q u a n t i t i e s  can be r e la t e d  to  
measured p r o p e r t i e s  o f  re a l  chain  molecules in s o l u t i o n .  Before t h i s  
can be done, however,  i t  is  necessary to in t roduce  severa l  concepts  
from polymer ch em is t ry .  Among these a r e  excluded volume e f f e c t s ,  the  
unperturbed s t a t e ,  and the c h a r a c t e r i s t i c  r a t i o .
The concept o f  excluded volume is easy to v i s u a l i z e .  When working  
w i th  l a rg e  molecules i t  must be r e a l i z e d  t h a t  in a d d i t i o n  to  short  
range i n t e r a c t i o n s ,  e f f e c t s  o f  very  long range can a ls o  be p re s e n t .
The term long range here r e f e r s  to  i n t e r a c t i o n s  between chain  segments 
which a r e  f a r  a p a r t  in the a c tu a l  sequence o f  the c h a in .  Excluded  
volume e f f e c t s  a re  simply  a consequence o f  the  f a c t  th a t  the  
conformations o f  a chain  molecule  in which segments o f  the molecule  
occupy the same volume o f  space a r e  not p h y s i c a l l y  a l l o w a b l e .  Th is  is  
a problem which a r i s e s  as a chain  increases in the degree o f  po lymer­
i z a t i o n ,  and is a very  important c o n s id e r a t io n  a t  high degrees o f  
p o ly m e r i z a t io n .  Another  important c o n s id e r a t io n  Is the in h e ren t  
f l e x i b i l i t y  o f  the c h a in .  More f l e x i b l e  chains f e e l  t h i s  e f f e c t  a t  
s h o r te r  chain lengths  than more r i g i d  o r  " s t i f f e r "  c h a in s .
I t  is i n t u i t i v e l y  obvious t h a t  i f  a chain  exper iences  excluded  
volume e f f e c t s ,  then the measured dimensions o f  the c ha in  w i l l  be 
l a r g e r  than i f  the chain does not exper ien ce  t h i s  e f f e c t .  The
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c a l c u l a t i o n s  o u t l i n e d  th u s fa r  have not taken t h i s  e f f e c t  in to  account,  
and hence the q u a n t i t i e s  c a l c u l a t e d  in t h i s  manner a re  designated  as 
those f o r  a chain  which is unper turbed .  This  is designated  by a 
s u b s c r ip t  , e . g .  < r 2 > 0  denotes the unperturbed mean squared end to  
end d is t a n c e .  Th is  is r e la t e d  to  the mean squared end to end d i s t a n c e ,  
which is  an e x p e r im e n t a l l y  a c c e s s ib le  q u a n t i t y ,  by the fo l lo w in g  
r e l a t i o n s h i p  ;
< r 2  > -  a 2  < r 2>o ( 3 5 )
22where a  is  the expansion f a c t o r .  An important  c o n t r i b u t i o n  to  
polymer science was the d is cove ry  and d e s c r i p t i o n  o f  c o n d i t io n s  under  
which a is equal  to  u n i t y  by P. J .  F l o r y .  Th is  is r e f e r r e d  to  as the  
th e ta  p o i n t ,  or  th e ta  temperatu re  or  s o lv e n t .  Under such c o n d i t io n s  
a is equal  to u n i t y ,  and t h e r e f o r e  < r^ > ■ < r ^ > 0 . This  can be 
c h a r a c t e r i z e d  e x p e r im e n t a l l y  in a number o f  ways. One example Is  t h a t  
a t  the t h e t a  p o in t  v a n ' t  H o f f ' s  eq u at io n  f o r  the osmotic pressure  f o r  
a s o l u t i o n  holds over  a la rg e  range o f  c o n c e n t r a t io n .  This is  
comparable to the Boyle temperature  f o r  a gas,  as t h i s  is the  
temperature  a t  which the ideal  gas law holds over a wide range o f  
pressures .  The important  p o in t  here  is t h a t  by using th is  in fo r m a t io n ,  
not o n ly  is i t  p o s s ib le  to compare exper imenta l  and c a lc u la t e d  v a lu e s ,  
but a mechanism is a ls o  a v a i l a b l e  f o r  c o r r e c t i n g  such q u a n t i t i e s  as 
< r ^ > a n d < s ^ >  f o r  excluded volume e f f e c t s .
An i n s t r u c t i v e  h y p o t h e t i c a l  ch a in  molecule  is  the random f l i g h t  o r  
f r e e l y  j o i n t e d  c h a in .  A f r e e l y  j o i n t e d  chain  is a l i n e a r  chain  o f  n 
bonds o f  f i x e d  lengths  f o r  which the angles a t  the bond j u n c t io n s  are  
f r e e  to assume any conformation  w i t h  equal  p r o b a b i l i t y .  This  means
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t h a t  the d i r e c t i o n  o f  ne ighbor in g  bonds a re  t o t a l l y  u n r e la t e d .  I t  
fo l lo w s  from t h i s  model t h a t  f o r  a f r e e l y  j o i n t e d  cha in  ;
The c h a r a c t e r i s t i c  r a t i o  f o r  a g iven molecule  is the r a t i o  o f  the  
unperturbed mean squared end to  end d is ta n c e  to  t h a t  f o r  the  same 
molecule  assuming t h a t  i t  is f r e e l y  j o i n t e d .
Th is  r a t i o  is obv ious ly  u n i t y  f o r  a f r e e l y  j o i n t e d  c h a in ,  and the  
d e v i a t i o n  o f  th is  r a t i o  from u n i t y  f o r  an a c tu a l  molecule  is a measure
can be c a l c u l a t e d  and determined e x p e r im e n t a l l y  under c e r t a i n  
c o n d i t i o n s ,  and these values when used to  c a l c u l a t e  the c h a r a c t e r i s t i c  
r a t i o  go a long way in d e s c r ib in g  the s t r u c t u r a l  p r o p e r t i e s  which 
determine  to  a g r e a t  e x t e n t  the c onform at iona l  p r o p e r t i e s  o f  a c h a in .  
This  f a c t  is very  p o ig n a n t ly  i l l u s t r a t e d  by a comparison o f  the  
values  f o r  the c h a r a c t e r i s t i c  r a t i o  f o r  p o l y g ly c i n e ,  p o l y - L - a l a n i n e ,  
and p o l y - L - p r o l i n e . The measured and c a l c u l a t e d  values f o r  these  
polymers a re  2 . 1 6  9 .2 7  and 1 2 . U r e p e c t i v e l y .  I t  can be
(36)
S i n ee ,
(37)
i t  fo l lo w s  t h a t  f o r  a f r e e l y  j o i n t e d  c ha in  ;
2<r*> o (38)
c r (39)
o f  the d e v i a t i o n  o f  the molecule  from a f r e e l y  j o i n t e d  c h a in .  < >Q
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said  t h a t  p o iy g ly c in e  is more f l e x i b l e  than p o l y - L - a l a n l n e ,  which is  
in tu rn  more f l e x i b l e  than p o l y - L - p r o l I n e . This  can be d i r e c t l y  
r e la t e d  to the loca l  s t r u c t u r e  o f  these homopolypeptides.  P o ly g ly c in e  
has the g r e a t e s t  degree o f  r o t a t i o n a l  freedom, as i t  has no s id e c h a in .  
The r e s u l t  f o r  p o l y - L - a l a n i n e  is c h a r a c t e r i s t i c  o f  most p o lypept ides  
f o r  which the c h a r a c t e r i s t i c  r a t i o  has been dete rm ined .  A la n in e  is the  
s im p les t  res idue  w i th  a s id e c h a in ,  and the i n t e r a c t i o n s  which a r i s e  
as a r e s u l t  o f  the a d d i t i o n  o f  the methyl  group l i m i t  the conformat­
ional  space a v a i l a b l e  c o n s id e ra b ly  in comparison to  p o ly g ly c in e .  The 
hindrance to r o t a t i o n  about $ is q u i t e  severe  in p o l y - L - p r o l i n e .  The 
va lu e  o f  $ is l i m i t e d  to  a s h o r t  range o f  va lues  centered  a t  about  
1 2 0 ° ,  as the ang le  $ d esc r ibe s  a r o t a t i o n  about a bond w i t h i n  a 
p y r r o l i d i n e  r i n g .  Th is  means t h a t  p o l y - L - p r o l i n e  is even s t i f f e r  than  
p o l y - L - a l a n i n e , and hence has a h igher  v a lue  f o r  the c h a r a c t e r i s t i c  
r a t  to.
Now t h a t  the c onform at iona l  p r o p e r t i e s  o f  random c o i l  p o lypept ides  
have been d iscussed,  i t  is o f  i n t e r e s t  now to  d iscuss severa l  
s p e c i f i c  s t r u c t u r e s  which occur in p r o t e in s  and s y n t h e t ic  po lypep­
t i d e s .  The two most important secondary s t r u c t u r e s  a re  the a lpha  
h e l i x  and beta  s t r u c t u r e .  The d is cu s s io n  here  is l i m i t e d  ma in ly  to  
the alpha  h e l i x  and o n ly  severa l  re fe re n c e s  w i l l  be made to  beta  
s t r u c t u r e .  The a lpha  h e l i x  is the most abundant secondary s t r u c t u r e  
in p r o t e i n s .  The e x is t e n c e  o f  the a lp ha  h e l i x  was f i r s t  p o s tu la ted  
by Linus Pau l ing  in 1951. ** The e x i s t e n c e  o f  t h i s  s t r u c t u r e  In 
p r o te in s  was soon conf irmed from x - r a y  d i f f r a c t i o n  s tu d ie s  on 
c r y s t a l l i n e  hemoglobin.  ^  Th is  was fo l lo w e d  by evidence f o r  the  
e x is te n c e  o f  the a lpha  h e l i x  in  s o l u t i o n .
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The s t r u c t u r e  o f  the  alpha h e l i x  is de p ic ted  in f i g u r e  5. The a lpha  
h e l i x  Is a ls o  r e f e r r e d  to as the 3 . 6 ^  h e l i x .  This a r i s e s  from the  
f a c t  t h a t  th e re  a r e  3 . 6  amino a c id  res idues  per t u r n ,  and th e re  a re  
13 atoms w i t h i n  the hydrogen bonded loop. The c o o rd in a tes  f o r  the  
r igh t -ha nded  a lpha  h e l i x  on a Ramachandran type map a re  as fo l lo w s  ;
$ -  133° ,  and ip *  1 2 2 . 8 ° .  The supplement o f  the N -  Cft -  C  bond is  
7 0 . 8 ° .  ^  Th is  p o in t  is in the c e n te r  o f  an a l lowed reg io n  in f i g u r e  
2.  There are  severa l  f a c t o r s  which c o n t r i b u t e  to the  s t a b i l i t y  o f  
t h i s  s t r u c t u r e .  One is the f a c t  th a t  the  d ip o le s  o f  the groups which  
p a r t i c i p a t e  in hydrogen bond fo rm a t ion  a re  a l i g n e d .  Th is  means th a t  
they a re  in the geometry o f  minimum energy .  Another f a c t o r  Is th a t  
the rad ius  o f  the h e l i x  a l lo w s  f o r  a t t r a c t i v e  van der Waals i n t e r a c ­
t i o n  across the h e l i c a l  a x i s .  Another c o n s id e r a t io n  is the s tagger ing  
o f  the s id e  c h a in s .  This  can be seen from in s p ec t io n  o f  f i g u r e  5.
I t  was d iscovered  t h a t  a p o ly p ep t id e  could change r e v e r s ib t y  from
a random c o i l  to  a lpha  h e l i x  o r  v ic e - v e r s a  by changing any number o f
exper imenta l  parameters such as so lven t  com posi t ion .  ^  The change
in conformat ion  or t r a n s i t i o n  Is q u i t e  s t r i k i n g  as the change occurs
over  a very  narrow range o f  s o lv e n t  com posi t ion .  This o b serv a t io n
led e a r l y  in v e s t i g a t o r s  to b e l i e v e  t h a t  the t r a n s i t i o n  was a
c o o p e ra t iv e  process.  The best t h e o r e t i c a l  framework f o r  t r e a t i n g  the
h e l i x - c o i l  t r a n s i t i o n  is s t a t i s t i c a l  mechanics.  The f i r s t  such
tre a tm en t  was publ ished by SchelIman in 1955- ^  His model involved
an a l l  o r  noth ing  t rea tm en t  o f  the t r a n s i t i o n .  Theor ies  which
fo l low ed  a l lowed f o r  the e x is te n c e  o f  both h e l i c a l  and c o i l  segments
w i t h i n  the same m olec u le .  ^  ^  The work presented in t h i s  d i s s e r t a -
28t i o n  is based on the t re a tm en t  presented by Zimm and Bragg.
Figure  5. A s t r u c t u r a l  r e p r e s e n t a t io n  o f  the alpha  ( 3 - 6 ^ )  h e l i x  
Shown below th is  is a c y l i n d r i c a l  p l o t ,  which g ives  a 
view o f  the d i s p o s i t i o n  o f  the s id ec h a in s .
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In c l a s s i c a l  s t a t i s t i c a l  mechanics g re a t  use is made o f  what a re  
known as p a r t i t i o n  fu n c t io n s .  A p a r t i t i o n  f u n c t io n  is a r igorous  
d e s c r i p t i o n  o f  a group o f  atoms or  molecules a t  e q u i l i b r i u m  In so 
f a r  as the p a r t i t i o n i n g  o f  energy among the v a r io u s  s t a t e s  o r  l e v e l s .  
The f o u r  most f r e q u e n t l y  used p a r t i t i o n  fu n c t io n s  a re  the t r a n s l a t i o n ­
a l ,  r o t a t i o n a l ,  v i b r a t i o n a l ,  and e l e c t r o n i c  p a r t i t i o n  f u n c t i o n s .  When 
d e a l in g  w i th  s t a t i s t i c a l  mechanics as i t  is a p p l ie d  to macromolecules,  
however, another  type o f  p a r t i t i o n  f u n c t io n  is fo rm u la te d ,  i t  is  known 
as the c onform at iona l  p a r t i t i o n  f u n c t i o n ,  and i t  descr ibes  the  
d i s t r i b u t i o n  o f  chain  segments in the c onform at iona l  s t a te s  o f  the  
c h a in .  For a chain  o f  M monomers the c onform at iona l  p a r t i t i o n  f u n c t io n  
is shown r ig o r o u s ly  to be ;
N
Z(N) -  / i  e x p ( - E /k T )  dz (*»0)
i - 1
I f  i t  is  assumed t h a t  each Ej is independent and l i m i t e d  to d i s c r e t e  
v a lu e s ,  then the above i n t e g r a l  can be rep laced  by the f o l lo w in g  sum ;
mn n
Z(N) z f  e x p ( - E / k T )  f**1)
j - 1  i - 1
where m is the number o f  such d i s c r e t e  v a lu e s .
The q u a n t i t y  e x p ( - E /k T )  is known as a s t a t i s t i c a l  w e ig h t .  Th is  
q u a n t i t y  is d i r e c t l y  r e l a t e d  to the p ro p e n s i ty  o f  a given amino a c id  
res idue  to e x i s t  in a p a r t i c u l a r  con form at iona l  s t a t e .  According to  
the Zimm-Bragg f o r m u l a t i o n ,  a re s idue  can e x i s t  in one o f  two p o s s ib le  
s t a t e s .  I t  can e x i s t  in the conform at ion  corresponding to  the a lpha  
h e l i x ,  o r  i t  can be in one o f  the many s t a t e s  which correspond to the  
random c o i l .  The u l t i m a t e  o b j e c t i v e  here is to  d e s c r ib e  the
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thermodynamics a ss o c ia te d  w i th  the t r a n s i t i o n  o f  a g iven  chain  from 
one conformat ion  to  the o t h e r .  Th is  does not r e q u i r e  a r igorous  
t re a tm ent  o f  the segments in a quantum mechanical  sense,  but i t  
does r e q u i r e  the a cc u ra te  assignment o f  the s t a t i s t i c a l  weights  o f  
the residues r e l a t i v e  to  th a t  f o r  res idues  in a c o i l  s t a t e .
For i l l u s t r a t i v e  purposes,  imagine th a t  a p o ly p ep t id e  chan can be
represented  by a s t r i n g  o f  l e t t e r s  which In d i c a t e  the  conformat iona l  
s ta te s  o f  the re s id u e s ,  e . g .  ;
. . .  ccccchhhhhhhhhhccccchhhhhhhhhhccccchhhhhhhhhh . . ,
where c and h re p res e n t  residues in e i t h e r  a c o i l  or h e l i c a l  s t a t e .
For the s im p les t  case o f  a l i n e a r  chain  w i t h  on ly  n eares t  neighbor  
i n t e r a c t i o n s ,  the s t a t i s t i c a l  weight  f o r  each re s idue  can be assigned  
as fo l lo w s  ; i )  the q u a n t i t y  u n i t  f o r  every  c ,  or  c o i l  r e s id u e ,  i i )  
the q u a n t i t y  s f o r  every  h, o r  h e l i c a l  segment,  which propagates a 
h e l i c a l  segment,  and i i i )  the q u a n t i t y  as f o r  every  h,  or h e l i c a l  
segment which f o l lo w s  th r e e  o r  more c o i l  res id u e s .
The s im p les t  model f o r  d e s c r ib in g  the thermodynamics o f  the t r a n s i ­
t io n  is a cha in  in  which the G ib b 's  f r e e  energy o f  a h e l i c a l  segment 
n u n i t s  long is seen to  vary  l i n e a r l y  w i t h  n,  w i th  a c o r r e c t i o n  fo r  
the ends o f  the h e l i c a l  segments.  This can be expressed as fo l lo w s  ;
“ 9e nds + n A 9 u n I t  < for , a r 9e n}
In t h i s  c o n te x t  o and s can be descr ibed  in  the f o l l o w i n g  terms ;
as = e x p ( - g ends/RT) (A3)
s *  e x p ( - g u n i t /RT) ( M )
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Since
Keq -  exp( -G /RT)  (J|5)
then os and s a re  a c t u a l l y  e q u i l i b r i u m  constants  f o r  h e l i x  I n i t i a t i o n  
and p ro p a g a t io n ,  r e s p e c t i v e l y .
The process o f  i n i t i a t i o n  is much more d i f f i c u l t  than is propaga­
t i o n .  This  is r e f l e c t e d  by the f a c t  t h a t  the values o f  sigma a re  
u s u a l l y  severa l  o rders  o f  magnitude s m a l le r  than the va lues  o f  s. A 
h e l i c a l  segment is d i f f i c u l t  to s t a r t  because th re e  p a i r s  o f  
d ih e d ra l  angles must be f i x e d  in o rd er  to  form one hydrogen bond, 
w h i le  o n ly  one p a i r  must be f i x e d  to  propagate  a h e l i c a l  segment. The 
i n i t i a t i o n  s tep  is d i f f i c u l t  from a thermodynamic s ta n d p o in t  as two 
res idues  which a re  f i x e d  in the conformat ion  o f  the alpha  h e l i x  have 
n e i t h e r  the e n th a lp y  o f  the hydrogen bond nor the entropy o f  the  
random c o i I .
I t  has been shown p r e v io u s ly  in t h i s  chapter  t h a t  the p a r t i t i o n  
fu n c t io n  can be w r i t t e n  as the sum o f  the s t a t i s t i c a l  weights  f o r  each 
po s s ib le  c o n form a t ion .  Since two p o s s ib le  s t a t e s  have been assumed fo r  
each res idue  the number o f  p o s s ib le  conformations f o r  a chain  o f  n 
residues is equal  to 2n . Th is  means t h a t  w h i le  the e v a l u a t i o n  o f  Z is 
r e l a t i v e l y  s imple  a t  small va lues  o f  n,  when n reaches 3 0 0  the number 
o f  p o s s ib le  conformations  is an ast ronom ica l  2 .0 37  x 10^® . L is te d  in 
ta b le  1 a re  the e ig h t  conformations a v a i l a b l e  to  a chain  w i th  th re e  
res idues  and the  s t a t i s t i c a l  w e ight  f o r  each c o nform a t ion .  The 
p a r t i t i o n  f u n c t i o n ,  Z,  is the sum o f  these s t a t i s t i c a l  w e ig h ts .
M a t r i x  methods have been developed which make the c a l c u l a t i o n  o f  
Z f o r  long chains r e l a t i v e l y  easy.  For purposes o f  d is cu s s io n  a
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TABLE 1.
C O N F O R M A T I O N  S T A T I S T I C A L  W E I G H T
ccc 1
cch a s
c he 0 5
he c a s
cbh o s 2
hhc o s 2
h c h a 2 s 2
hh h a s 3
2 2 2 3
2 * 1 +  3os + 2os  + a s + os
p o ly p e p t id e  chain  w i t h  on ly  neares t  neighbor i n t e r a c t i o n s  w i l l  be 
cons idered .  The s t a t i s t i c a l  weight m a t r i x  f o r  such a chain  Is a 2 x 2 
m a t r i x .  In t h i s  m a t r i x  the s t a t e  o f  res idue  i is descr ibed  by the  
columns, w h i te  the s t a t e  o f  the preceding res idue  is descr ibed by the  
rows. This  s t a t i s t i c a l  weight  m a t r i x  is ;
where J *  is r o w ( l , 0 )  and J is c o l ( 1 , 1 ) ,  and n is the number o f  
res idues  f o r  the homopolymer.
I t  is o f  i n t e r e s t  now to e x p lo re  the uses o f  t h i s  p a r t i t i o n  
f u n c t i o n .  Several  q u a n t i t i e s  can be c a lc u l a t e d  from the p a r t i t i o n  
f u n c t i o n ,  some o f  which a re  e x p e r im e n t a l l y  a c c e s s ib le  and some which  
a re  n o t ,  but a re  o f  g re a t  i n t e r e s t  anyway. The main e x p e r im e n t a l l y  
a c c e s s ib le  q u a n t i t y  which can be e x t r a c t e d  from the p a r t i t i o n  
f u n c t io n  is the f r a c t i o n  o f  the res idues  which a re  in the a lpha  
h e l i c a l  s t a t e .  Several  o t h e r  q u a n t i t i e s  which can a ls o  be c a l c u l a t e d  
are  ; the average number o f  h e l i c a l  segments,  the average len g th  o f  a 
h e l i c a l  segment,  and the p r o b a b i l i t y  t h a t  a given res idue  is in a 
h e l i c a l  s t a t e .  The r e s u l t s  o f  t h i s  l a s t  c a l c u l a t i o n  can be d isp la yed  
in the form o f  a h e l i x  p r o b a b i l i t y  p r o f i l e ,  which can be usefu l  in 





This  m a t r i x  when used in the f o l l o w i n g  o p e r a t io n  y i e l d s  Z ;
1 ■ J *  Y i n J (*♦7)
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p r o b a b i l i t y  f o r  h e l i x  fo r m a t io n .
Before  the c a l c u l a t i o n  o f  any o f  the above q u a n t i t i e s  is discussed  
th e re  a re  severa l  mathemat ical  p o in ts  which should be d iscussed.  One 
o f  these is how some o f  these q u a n t i t i e s  can be expressed as a simple  
d e r i v a t i v e  o f  Z.  Another important  p o in t  is how a s t a t i s t i c a l  weight  
m a t r i x  can be d ia g o n a l i z e d  , and several  o f  these q u a n t i t i e s  can 
a c t u a l l y  be expressed as a n a l y t i c  expressions  f o r  homopolypept ides.  
F i n a l l y  the method f o r  c a l c u l a t i n g  these q u a n t i t i e s  as d i r e c t  m a t r ix  
products w i l l  be d iscussed.
The c a l c u l a t i o n  o f  f r a c t i o n  h e l i x  is a good example to  use to  
i l l u s t r a t e  how such q u a n t i t i e s  can be expressed as d e r i v a t i v e s  o f  Z.  
For a chain  w i th  n u n i t s ,  Z can be expressed as fo l lo w s  ;
Z = 1 + Z n j , k  k sk (48)
j  . 4
where is the number o f  ways o f  combining k h e l i c a l  u n i t s  in to  a
chain  o f  n re s id u e s .  Th is  parameter can be shown to  be ;
n k « ( n -  k + 1 ) (49)
I f  equ at io n  49 is s u b s t i t u t e d  i n to  equat ion  4 8 ,  then Z can be
i
e v a lu a te d .  The terms needed a re  o f  the form E^s and ^ k s  * and 
the summations a re  taken from k=*l to k»n.  The f i r s t  Is the f o l lo w in g  
geometr ic  s e r i e s  ;
I  5 k -  <sn + 1  -  s ) / ( s  -  1) (50)
k - 1
D i f f e r e n t i a t i o n  o f  equ at io n  50 y i e l d s  the o t h e r  re q u i re d  express ion  ;
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n n
s d i  sk ■ E ks ■ { s / ( s  -  1 ) ^  {ns -  (n+1 ) s n + 1 > (51)
ds k-1 k-1
By s u b s t i t u t i n g  equat ions  49 and 50 in to  equ at io n  46 Z can be express ­
ed as fo l lo w s  ;
Z -  1 + {os2/ ( s - l ) 2 } { sn + ns-1 -  (n + 1) J (52)
The p r o b a b i l i t y  p ( k ) ,  t h a t  a g iven  chain  has k h e l i c a l  u n i ts  is ;
p (k )  -  (n -  k + 1) osk/ Z  (53)
T h e r e f o r e ,
n L
fu  = E { k (n  -  k + l )  as } /nZ (54)
-  s (  3  Z /g  s ) /n Z  (55)
« n- 1  ( 3 1n Z /  gin s ) R( 0  (56)
Other  q u a n t i t i e s  can be c a l c u l a t e d  in a s i m i l a r  f a s h io n .  The average  
number o f  h e l i c a l  segments is ;
n -  ( 3 1n Z /  g In  a ) n _ (57)a n , s
and the average number o f  res idues  in a h e l i c a l  segment is ;
( 3 1 n Z /  31n s)  /  ( 3  1n l l  3  1n ) (58)n , 0  " n ,s
A s t a t i s t i c a l  weight  m a t r i x  which can be d ia g o n a l i z e d  is a g re a t  
asset  f o r  s i m p l i f y i n g  the mathematics o f  a g iven  system. Th is  process  
is  a r a t h e r  s imple  one f o r  the  s imple  2 x 2  m a t r i x  in e quat ion  46.
The c h a r a c t e r i s t i c  equ at io n  and roo ts  o f  the m a t r i x  in equ at io n  46 a re
3 7




0 ,  and
X i 2 *  0 +s) ± * 0 ~ s ) 2 + os ) *
( 5 9 )
(60)
where Xj  and ^2 a re  the l a r g e r  and s m a l le r  e ig en v a lu e s .  The t r a n s fo r *  
matlon m a t r i x  which s a t i s f i e s  the c o n d i t io n  ;
!  U i T X1
0
( 6 1 )
is ;
T -  1 /  X
and i t ' s  in v e rs e ,
r - 1 Xj -  s
s“ X<J
>rs






The p a r t i t i o n  fu n c t io n  may be w r i t t e n  as fo l lo w s  ;
(64)
I f  X. 1, and X 2  1, then Z can be w r i t t e n  as ;
Z -  X , n+1 0 - * 2 ) + ^2n+1 (1' V  
X 1 “  x2
( 65 )
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The c a l c u l a t i o n  o f  f r a c t i o n  h e l i x  is used again  here f o r  i l l u s t r a t i v e  
purposes; t h i s  t ime f o r  the d e r i v a t i o n  o f  an a n a l y t i c  expression  f o r  
the c a l c u l a t i o n  o f  f r a c t i o n  h e l i x .  At reasonable  values  o f  oand s ; 
a 6 s >0 Aj>1 0,  as n approaches ® ;
Z -  ( 1 -  A 2 ) A 1n+1 (66)
A i -  A2
As n approaches ® ,  the express ion  f o r  f r a c t i o n  h e l i x  can be shown to  
converge to the f o l l o w i n g  s imple  expression  ;
f h -  ( 9ln A , / 3  In  s) -  A . -1" 1 n,ci r
A \ ~ A 2
(67)
Other q u a n t i t i e s  can a ls o  be s i m p l i f i e d  in a s i m i l a r  manner. I t  
should be emphasized t h a t  these expressions  a re  on ly  a p p l i c a b l e  to  
chains  o f  very  high m olec u la r  w e ig h t ,  and o n ly  to  homopolypeptides.
As noted p r e v i o u s l y ,  the v a lue  o f  f r a c t i o n  h e l i x  is e x p e r im e n t a l l y  
a c c e s s i b l e ,  and the preceding expressions have been used to  determine  
the v a lue  o f  a and s from s tu d ie s  o f  the a p p r o p r i a t e  homopolypeptides  
o f  v a ry in g  m olecu la r  weight a t  va r io u s  tem peratu res .  U n f o r t u n a t e ly ,  
most o f  the n a t u r a l l y  o c c u r r in g  amino ac id s  in the  form o f  homopoly­
pept ides  do not undergo a h e l t x - c o l l  t r a n s i t i o n  in the temperature  
range 0 °  -  100°C, o r  even worse a re  not s o lu b le  in water  in t h i s  form.  
H. A. Scheraga and h is  coworkers have determined the h e l f x - c o i l
s t a b i l i t y  constants  us ing a regime known as the h o s t -g u es t  
3 3 3litechn ique .  * They used two res idues  o f  the s e r I e s  w -h y d r o x y a lk y 1- 
L - g l u t a m i n y l , namely,  N ^ -w - h y d r o x y b u ty l - L -g lu ta m in y l  and w -hydroxy-  
p ro p y y -L -g lu ta m in y l  as the host re s id u e s ,  and the amino ac id  which is
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to be c h a r a c t e r i z e d  is the guest re s id u e .  Random copolymers o f  
v ary in g  molecu la r  weight  and composit ion a re  s yn th es ize d .  The h e l i x  
i n i t i a t i o n  and propagat ion  parameters o f  the guest amino ac id  res idue  
are  then determined by studying the e f f e c t  o f  in c o rp o ra t in g  vary ing  
amounts o f  the guest res idue  i n to  the polymers.  The data  is analyzed  
v ia  several  approximate  th e o r ie s  which a re  descr ibed  in g r e a t e r  d e t a i l  
in chapter  4.  ^  Scheraga and his  coworkers have determined a and s 
f o r  seventeen o f  the twenty n a t u r a l l y  o c cu r r in g  amino ac id  residues
■J C_ C 1
in w a t e r .  These values a re  c o l l e c t e d  in t a b l e  2.  Residues fo r
which these parameters have not been determined a re  es t im ated  by 
analogy to s i m i l a r  amino ac id  residues f o r  which a and s have been 
determi ned .
In t h i s  l a s t  segment two mathemat ica l  methods w i l l  be discussed  
which have had a very  profound e f f e c t s  in t h i s  a rea  o f  rese arch ,  and 
a ls o  many v a r ie d  a p p l i c a t i o n s .  Both o f  these methods a re  due to  R. L. 
J ern ig a n .  ^  The f i r s t  method involves  the c a l c u l a t i o n  o f  average  
q u a n t i t i e s  as a d i r e c t  m a t r i x  p ro d u c t .  This makes the c a l c u l a t i o n  o f  
many q u a n t i t i e s  r e l a t i v e l y  easy w i th  the a id  o f  a computer.  Among 
these a re  the p r o b a b i l i t y  t h a t  a h e l i c a l  s t a t e  e x i s t s  a t  res idue  i ,  
and the f r a c t i o n  o f  the res idues  which a r e  In a h e l i c a l  s t a t e .  The 
second method prov ides  a way o f  combining the In fo rm a t io n  conta ined  
in the s t a t i s t i c a l  weight m a t r i x  w i t h  the powerful  computat ional  
methods o f  g e n e ra to r  m a t r ic e s  to c a l c u l a t e  c o n f i g u r a t i o n  dependent  
p r o p e r t i e s  o f  molecules which a r e  t o t a l l y  o r  p a r t i a l l y  h e l i c a l .
In o rd e r  to c a l c u l a t e  the p r o b a b i l i t y  th a t  re s id u e  i Is In a 
h e l i c a l  s t a t e ,  f^  . ,  a new m a t r i x  U. must be In t ro d u c ed ,  Th is  m a t r i xh ; i i
d i f f e r s  from t h a t  in eq u at io n  k(> on ly  by the f a c t  t h a t  both elements
T A B L E  2
S t a i s t i c a l  W e i g h t s  Used F o r  Am ino  A c i d  R e s i d u e s  in  W a t e r  a
R e s i d u e a x 10 s a t  30 C R e f e r e n c e
A l a -  A 8 . 0 1 . 0 5 8 36
Asp -  D 5 0 . 0 0 . 6 3 45
Gl u , G 1 n -E  ,Q 6 . 0 0 . 9 7 4 1
Phe , H i s - F , H 1 8 . 0 1 . 0 6 9 39
G 1 y -  G 0 .  1 0 . 6 1 5 35
1 1e -  1 5 5 - 0 1 .1 1 50
Ly s -  K 1 . 0 0 .  9 4 7 43
Leu -  L 3 3 - 0 1 . 1 4 38
H e t -  M 5 4 .  0 1 . 1 5 47
As n -  N 0 .  1 0 .  8 0 6 46
Arg -  R 0 . 0 1 1 . 0 1 7 44
S e r  , C y s - S , C 0 . 8 0 .  7 93 37
T h r -  T 0 .  1 0 .  8 3 6 48
Va 1 -  V 1 . 0 0 . 9 7 4 0 , 5 1
T r p - w 7 0 . 0 1 . 06 49
T y r - y 6 6 . 0 0 .  96 42
a - P r o  i s  a s s i g n e d  s = 0 on s t e r i c  g r o u n d s .
b - R e f e r e n c e  i s  f o r  t h e  f i r s t  a m in o  a c i d  r e s i d u e  l i s t e d .
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in the f i r s t  column are  set  equal to z e ro .  By using t h i s  m a t r i x  f o r  
a given amino a c id  res idue  conformations in which t h i s  res idue  e x i s t s  
in a random c o i l  s t a t e  a re  ignored.  The f r a c t i o n  o f  the t ime t h a t  t h i s  
res idue  Is h e l i c a l  is then s im ply  the f o l lo w in g  q u o t ie n t  ;
f h ; i  *  J *  «l!)2 “ 1- lL ' IS l  + l W  <6 8 >
The c a l c u l a t i o n  o f  f r a c t i o n  h e l i x ,  f ^ ,  is j u s t  as s t r a i g h t f o r w a r d ,  but  
more c o m pl ic a ted .  In o rde r  to  c a l c u l a t e  f^  the  f o l lo w in g  sum must be 




i - 1 h; I
(69)
This  can be accomplished e a s i l y  by making use o f  what a r e  r e f e r r e d  to  
as "s u p e rm a t r ic e s " ,  o r  a m a t r i x  which Is composed o f  o t h e r  m a t r ic e s .  
The superm atr ix  which is used in the c a l c u l a t i o n  o f  is ;
yi - y i y ’ i ' (70)
0 "i
In o rd e r  to see how t h i s  genera tes the needed sum, cons i der
f o l l o w  Ing mul t i p l i  cat  ion ;
— •  m' p -
yi  u ' i u2 u ' 2 y i y 2 " ' \ » 2 + y i u- ' 2
(71)
0 u, 0 u2 0
- 1 ' 2
I t  can be seen from t h i s  dem onstra t ion  t h a t  the re q u i re d  summation 
term is accumulating In the upper r i g h t  hand quandrant o f  the product  
The c a l c u l a t i o n  o f  f r a c t i o n  h e l i x  is acheived by the fo l lo w in g
*♦2
o p e r a t io n  ;
f h -  n - 1  Z ' 1 J *  Un J (72)
where J *  is  row {1 , 0 , 0 , 0 )  and J is c o l ( 0 , 0 , 1 , 1 ) .
The l a s t  p o in t  to  be covered in t h i s  in t r o d u c to r y  chapter  is how 
a merger o f  s o r ts  can be executed between the methods f o r  c a l c u l a t i n g  
c o n f i g u r a t i o n  dependent p r o p e r t i e s  as o u t l i n e d  in the f i r s t  h a l f  o f  
the c h a p t e r ,  and the conform at iona l  p r o p e r t i e s  as j u s t  o u t l i n e d .  As 
examples the c a l c u l a t i o n  o f  the mean squared unperturbed end to end 
d is ta n c e  and the mean squared rad ius  o f  g y r a t io n  f o r  a p o ly p e p t id e  
which is p a r t i a l l y  h e l i c a l  a r e  o u t l i n e d .  The mean squared unperturbed  
end to end d is ta n c e  is c a l c u l a t e d  as fo l lo w s  ;
< r 2 >0 -  Z " 1 F . n (73)
where Fj is given by ;
F j -  ( U ,  X E j )
where Eij is the i d e n t i t y  m a t r i x  o f  o rd e r  5,  and the zeroes represent  
the a p p r o p r ia t e  5 x 5  n u l l  m a t r i c e s .  Gc is the g en era to r  m a t r i x  fo r  
the c a l c u l a t i o n  o f  < r 2  f o r  a random c o i l  p o ly p e p t id e ,  and is the
same f o r  a co m p le te ly  h e l i c a l  m o lecu le .  The l a t t e r  is c onst ruc ted  
along the same l in e s  as the former except  t h a t  the average t r a n s f o r ­
mation m a t r i x  is rep laced  by the one a p p r o p r ia t e  f o r  an a lpha h e l i c a l  
res idue  , i . e .  ;
?c 0
G l
( 7 * )
0.020 - 0.424 - 0 . 9 0 5
- 0 . 4 2 5 0 . 8 1 6 -0 .39 1 (7 5 )
0 . 9 0 5 0 . 3 9 3 - 0 . 1 6 4
The mean squared unperturbed ra d iu s  o f  g y r a t io n  can be c a l c u l a t e d  in a 
s i m i l a r  fash io n  ;
This  concludes a d e t a i l e d  o u t l i n e  o f  the s t a t i s t i c a l  mechanical  
methods used throughout t h i s  d i s s e r t a t i o n .  The methods o u t l i n e d  in 
t h i s  chapter  form the basis  f o r  the more complex c a l c u l a t i o n a l  
methods used in the remainder o f  the d i s s e r t a t i o n .  This  a l lo w s  the  
author  to avoid  a g r e a t  deal  o f  redundancy.
(n  +  I ) - 2  Z _1 <Uj X E? ) Sc  0  ( 7 6 )
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CONFORMATIONAL S TU D IE S  OF B IO L O G I C A LL Y  A C T IV E  P EP T ID E S
CHAPTER 2
CONFORMATIONAL PRO PERTIES OF HUMAN BET A-ENDORPHIN AND BETA-  
L I P O T R O P I N  IN WATER AND IN THE PRESENCE OF A N I O N I C  L I P I D S
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INTRODUCTION
Two pept ides  which e x h i b i t  e x t r o d in a r y  b i o l o g i c a l  a c t i v i t i e s ,  and 
a re  t h e r e f o r e  o f  g r e a t  b i o l o g i c a l  s i g n i f i c a n c e  a re  B-endorphin  53 an(j 
3 - i  ipo t ro p in .^ * *  Both o f  these molecules a re  a ls o  q u i t e  i n t e r e s t i n g  
w i t h  regard to t h e i r  conform at iona l  p r o p e r t i e s .  Whi le  both pept ides  
lack any a p p r e c ia b le  amount o f  o rdered s t r u c t u r e  In w at e r ,  both  
c o n ta in  a s i g n i f i c a n t  amount o f  a lpha h e l i x  in the presence o f  a n io n ic  
l i p t d s  55 and d e t e r g e n t s .  56 There fs ev idence t h a t  t h i s  phenomenon 
may be a t  the h e ar t  o f  the b i o l o g i c a l  a c t i v i t y  o f  B -endorphin .  Before  
d iscuss ing  these p r o p e r t i e s ,  however, i t  would be h e lp fu l  to know more 
about these molecules.
The h i s t o r y  o f  B - l i p o t r o p i n  is c o n s id e ra b ly  longer than t h a t  o f  
B-endorphin .  I n t e r e s t  in the area o f  p i t u i t a r y  hormones, as r e l a t e d  to  
adipose t is s u e  metabolism, began in 1 9 3 1  when I t  was d iscovered th a t  
e x t r a c t s  o f  a n t e r i o r  p i t u i t a r y  glands produce k e t o s ls  and hyper l ipem ­
i a .  57 ^  took many years  f o r  the molecule  r e sp o n s ib le  f o r  these  
e f f e c t s  to be i s o la te d  and c h a r a c t e r i z e d .  Ovine 3 - 1 i p o t r o p in  was 
i s o la t e d  and the sequence was determined in 1965- The sequence o f  
human B - l i p o t r o p i n  was publ ished in 1 9 7 6 .  59
There is s t i l l  some debate  as to  whether B - l i p o t r o p i n  is a p r e ­
cursor  to B-endorphin .  S p ec u la t io n  began as soon as B-endorphin  was 
d is co v ered ,  and was found to  be i d e n t i c a l  in sequence to  residues  
61 -  91 o f  B - l i p o t r o p i n .  I t  is  a l s o  o f  i n t e r e s t  to note t h a t  res idues  
37 ■ 58 o f  B - l i p o t r o p i n  a re  i d e n t i c a l  in sequence to the hormonal  
p e p t id e  B -m e la n o t r o p in . Both o f  these sequences,  res idues  37 ■ 5® and
lt6
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6 1  “ 91,  form a p a r t  o f  the B - l i p o t r o p i n  molecule  which has been 
s t r i c t l y  conserved from an e v o l u t io n a r y  s ta n d p o in t ,  as evidenced In 
f i g u r e  6 .
The d is co v ery  o f  the endogenous o p i o i d  peptides  8-endorph in  and
the enkepha l ins  ended l i t e r a l l y  c e n t u r ie s  o f  s p e c u la t io n .  Opium and
i t ' s  var io u s  components have been used f o r  medic ina l  purposes fo r
several  c e n t u r i e s .  ^0 The hypothesis  t h a t  o p ia te s  must bind to
s p e c i f i c  re cep tors  in nervous t i s s u e  in o rder  to produce t h e i r  e f f e c t s
was proposed in 1 9 5 9 -  ^  G o ld s te in  e t .  a t .  p o s tu la te d  t h a t  such
bind ing  should be s t e r e o s p e c ! f i c .  ^  They incubated mouse b ra in
homogenates w i th  t r i t i a t e d  tevorphanot (a potent o p ia t e  a g o n i s t ) ,  and
a one-hundred f o l d  excess o f  i t ' s  i n a c t i v e  s te reo is o m er ,  dext ro rphan .
They d e f in e d  s t e r e o s p e c i f I c  b ind ing  as t h a t  p o r t io n  o f  the b ind ing
which was blocked by u n la b e l l e d  lev o rp h an o l ,  but not by dext rorphan .
Dextrorphan was not expected to  bind to a s t e r e o s p e c i f i c  o p i a t e
re c e p to r .  They found th a t  s t e r e o s p e c i f i c  b ind ing  o f  levorphanol
accounted f o r  on ly  two percent o f  the measured b ind ing  a c t i v i t y .  Three
groups independent ly  reported  somewhat d i f f e r e n t  f in d in g s  in
1973.  ^ - 6 5  1 th re e  groups used s i m i l a r  m o d i f i c a t io n s  o f  G o ld s t e in 's
o r i g i n a l  e xper im enta l  p r o t o c o l .  F i r s t ,  they were a b le  to use lower
concent r a t  ions o f  r a d i o l a b e l l e d  l i g a n d ,  as they used samples which
had much h ig h e r  s p e c i f i c  r a d i o a c t i v i t y .  Second, they washed the
homogenates w i th  cold  b u f f e r  in o rde r  to  remove unbound or loos e ly
bound l ig an d  m olec u le s .  These f i n d i n g s ,  along w i t h  those o f  another
group o f  researchers  who found o p i a t e  recep to rs  to be present In the
67c e n t r a l  nervous system o f  a l l  v e r t e b r a t e s ,  led in v e s t i g a t o r s  to  
b e l i e v e  t h a t  a substance e x i s t e d  which acted as an endogenous l igand
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F igure  6 . The amino a c id  sequences o f  human, 59 o v i n e ,  5® an(j
66porc ine  6  -  I i p o t r o p i n .  The conserved p o s i t io n s  a re  
u n d e r l in e d .  The amino a c id  res idues  a re  shown by the one
l e t t e r  code ; Ala=A, D=Asp, E*Glu ,  F=Phe, G=Gly,  H -H is ,
1=1l e ,  K=Lys, L=Leu, M=Met, N=Asn, P=Pro,  Q=Gln, R=Arg,
S=Ser,  T=Thr ,  V=Val ,  W=Trp, and Y - T y r .  1 1
ks
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HUMAN ELTQQRLRQG DGFNAGANDG EC1NALEHSL LADLVAAEKK DEGPYRMEHF
OVINE ELTGERLBQA RGl EAQAESA AARAELEYGL VAEAEAAEKK DSGPYKMEHF
PORCINE ELAGATIEPA RDFEAPa EGA AARAELEHGL VAEaQAAEKK DECFYKMEHF
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RWGSPPKDKR YGGFMTJEKS QTPLVTLFKN AIIKNAYKKG E 
RWGSrPKDKR YGGFKTSEK3 QTFLVTLFKN AlIKDAHKKG Q 
RWGSFPKDKR YGGFMT5EKS QTrLVTLFKN AIVKDAHKKG Q
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and a c t i v a t o r  o f  the o p i a t e  r e c e p to r .
In 1975 Hughes repor ted  a substance from mammalian b ra in  e x t r a c t s
which acted  s i m i l a r l y  to morphine by way o f  i t ' s  i n h i b i t i o n  o f
68e l e c t r i c a l l y  induced smooth muscle c o n t r a c t i o n .  D Also tn 1975,  
two groups repor ted  a m o r p h i n e - l i k e  substance in e x t r a c t s  o f  c a l f ,  
r a b b i t ,  and r a t  b r a in .  Teren ius  and Wahlstrom re por ted  a
s i m i l a r  substance which they i s o la t e d  from human cerebrosp ina l  
f l u i d .  Two p e n ta p e p t id e s , which a r e  resp o n s ib le  f o r  t h i s  a c t i v i t y ,  
were i s o la t e d  from pig b r a i n .  The sequences o f  these pept ides  were 
determined to  be YGGFM (m eth ion ine  e n k e p h a l in ) ,  and YGGFL ( l e u c in e  
e n k e p h a l in ) .  They were found in a r e l a t i v e  abundance o f  a p prox im ate ly  
3 : 1 YGGFM/YGGFL. The sequence o f  m eth ion ine  enkepha l in  was found to  
be i d e n t i c a l  in sequence to res idues  6 1  -  6 5  o f  8 - 1 i p o t r o p i n , as can 
be seen from f i g u r e  6 .
W h i le  working on the i s o l a t i o n  o f  m elanotrop ins  from camel p i t u i ­
t a r y  g lands ,  C. H. Li and h is  co l le a g u es  i s o la t e d  a novel p e p t id e ,
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which was e v e n t u a l l y  named 8 - e n d o rp h in .  They were unable to
i s o l a t e  8 - l i p o t r o p i n  by the usual  p rocedure ,  but instead they i s o la te d  
a u n t r i a k o n t a p e p t i d e , which was found to  be i d e n t i c a l  in sequence to  
res idues  61 -  91 o f  B - 1 i p o t r o p i n . ^  They found t h a t  t h i s  p e p t id e  had 
l i t t l e  l i p o l y t i c  a c t i v i t y ,  but had c o n s id e ra b le  o p i a t e  a c t i v i t y .  Two 
groups i s o la t e d  s i m i l a r  u n t r i a k o n t a p e p t Id e s  from porc ine  p i t u i t a r y  
g lands ,  which a ls o  e x h i b i t e d  c o n s id e ra b le  o p i a t e  a c t i v i t y .  ^  ^
Two groups then independent ly  re p o r ted  the i s o l a t i o n  o f  human 6 -e n d o r ­
ph in .  77 ,78
A g r e a t  deal  has been learned about B-endorphin s ince  i t ' s  d is c o v ­
e r y .  ^  i t  has been noted th a t  e s s e n t i a l l y  the e n t i r e  molecule  must
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8 0be i n t a c t  in o rd e r  to  produce a n a l g e s ia .  Some researchers  have
been seeking ways to enhance the a n a lg e s ic  e f f e c t  o f  the p e p t id e ,  and
they have descr ibed  c e r t a i n  m o d i f i c a t io n s  which have met w i th  some 
8lsuccess. There is a ls o  evidence t h a t  lengthening the chain  a t  the
t ty
carboxyl  te rm ina l  end enhances the a n a lg e s ic  e f f e c t .  *  The i n t e r ­
a c t io n  o f  6 -endorph in  w i t h  i t ' s  re c e p to r  most l i k e l y  invo lves  e l e c t r o ­
s t a t i c  i n t e r a c t i o n s  between c a t i o n i c  groups on the p e p t id e ,  and
rp Qji
a n io n ic  groups a t  the re c e p to r .  33j  3 There is ev idence t h a t  these
8 q-87a n io n ic  groups may be prov ided by c e re b ro s id e  s u l f a t e .  3 Such 
i n t e r a c t i o n s  could p o s s ib ly  r e s u l t  in a s i g n i f i c a n t  conformationa l  
change in 6 -endorph in ,
As mentioned p r e v i o u s l y ,  both 6 -e ndorph in  and 6 - l i p o t r o p i n  e x h i b i t  
conformat iona l  p r o p e r t i e s  expected f o r  a p e p t id e  in the random c o i l  
s t a t e  when in aqueous s o l u t i o n .  5 5 .5 6 ,8 7  $e v e r a | authors  have t r i e d  
using some o f  the popular  secondary s t r u c t u r e  p r e d i c t i v e  methods,  
which a re  based on measured p r o p e r t i e s  o f  g lo b u la r  p r o te in s  in the  
c r y s t a l l i n e  s t a t e ,  to d e sc r ib e  the h e l i c a l  content  w i th o u t  a g re a t  
deal o f  success.  56,91 This lack  o f  success r e a l l y  comes as no 
s u r p r is e ,  when c o n s id e r a t io n  is g iven  to the severe l i m i t a t i o n s  o f  
these methods. For example,  in a d is o rd ere d  pep t ide  each re s idue  is 
g r e a t l y  exposed to the s o l v e n t ,  w h i l e  the same re s id u e  in a g lo b u la r  
p r o t e i n  exper iences  very  l i t t l e  exposure to the s o lv e n t .  When c o n s id ­
e r a t i o n  is g iven  to the f a c t  t h a t  the tendancy o f  an amino ac id  
res idue  to  form an a lpha  h e l i x  is dependent upon s o lv e n t  to a g r e a t  
e x t e n t ,  then i t  is a t  once obvious why such methods f a i l  in t h i s  
in s tan ce .
A more r e a l i s t i c  approach to  r a t i o n a l i z i n g  the conform at iona l
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p r o p e r t i e s  o f  these molecules makes use o f  m a t r i x  methods, which have 
been used w i th  a g r e a t  deal  o f  success in t r e a t i n g  a wide v a r i e t y  o f  
d is ordered  polymers.  As noted in the  i n t r o d u c t i o n ,  these methods 
can be used to assess not o n ly  the h e l i c a l  content  o f  these m olecules ,  
but t h e i r  dimensional  p r o p e r t i e s  as w e l t .  The parameters used fo r  
these c a l c u l a t i o n s  were ob ta in e d  from experiments w i th  po ly pept ide s  
in d i l u t e  s o l u t i o n ,  and from c onform at iona l  energy c a l c u l a t i o n s .  These 
c a l c u l a t i o n s  a re  t h e r e f o r e  based on the p r o p e r t i e s  o f  the res idues  in 
s o l u t i o n  and not in the c r y s t a l l i n e  s t a t e ,  and a re  subsequently a 
g r e a t  deal  more successful  a t  d e s c r ib in g  the conformat iona l  p r o p e r t i e s  
o f  these m olecules .
Both the absence o f  alpha  h e l i c a l  s t r u c t u r e  and the dimensional
p r o p e r t i e s  o f  6 -endorph in  and 6 - l i p o t r o p i n  in w ater  a re  accounted f o r
very  we l l  by m a t r i x  c a l c u l a t i o n s .  6 -endorph in  and B - l i p o t r o p i n  both
undergo e x t e n s iv e  conform at iona l  changes when they i n t e r a c t  w i th
var ious  a n io n ic  l i p i d s  and d e t e r g e n t s .  5 5 , 5 6 , 9 2 - 9 5  This  induced
conformation  conta ins  a s i g n i f i c a n t  amount o f  a lpha  h e l i x .  5 5 ,5 6 ,9 ^
These r e s u l t s  a r e  s i m i l a r  to those ob ta in ed  when var ious  c a t i o n i c
96-99homopolypeptides i n t e r a c t  w i th  s i m i l a r  a n io n ic  m olecu les .  The
amount o f  h e l i c i t y  induced is in good agreement w i t h  t h a t  expected  
from s tud ies  w i t h  these s im p le r  systems. An important aspect o f  these  
c a l c u l a t i o n s  is t h a t  one can p r e d i c t  which sequence o r  sequences 
w i t h i n  the molecule  has the h ig h e s t  p r o b a b i l i t y  o f  adopting  a h e l i c a l  
conformation  in the presence o f  the a n io n ic  l i p i d  or d e te r g e n t  mole­
c u le s .
The c a 1c u l a t i o n a l  methods used a r e  a m o d i f i c a t io n  o f  a p re v ­
io u s ly  descr ibed method which s u c c e s s f u l l y  accounts f o r  both the
5 3
hel i c a l  c o n t e n t ,  1 0 0 * 1 0 1  an^ dimensional  p r o p e r t ie s  o f
complexes formed by a la rg e  number o f  p r o te in s  w i t h  sodium dodecyl  
s u l f a t e .  Th is  m o d i f i c a t io n  permits  the c a l c u l a t i o n  o f  the f r a c t i o n  
h e l i x ,  and a ls o  the p ro p e n s i ty  o f  a given res idue  to i n i t i a t e ,  
propagate ,  or  te rm in a te  a h e l i c a l  segment. Another advance w i t h  t h i s  
m o d i f i c a t io n  is the a b i l i t y  to  more evenly  d i s t r i b u t e  the end e f f e c t s  
o f  a given h e l i c a l  segment.
CALCULATIONS
H e l tx  p r o b a b i l i t y  p r o f i l e s  were c a l c u l a t e d  e s s e n t i a l l y  as p re v io u s ­
ly  descr ibed  by H a t t i c e  e t .  a l  . Th is  method is based on the Zimm-
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Bragg t rea tm ent  o f  the h e l i x - c o i l  t r a n s i t i o n  in homopolypept ides .
A 3 x 3 s t a t i s t i c a l  weight  m a t r i x ,  U j ,  is fo rm ula ted  f o r  amino ac id  
re s idue  i as fo l lo w s  ;
i , i + 1
1 -1 ,1  X . cc o r  ch he hh
cc or ch 1 0 l/lD
U. -  he 1 0 0
ch 0 0 *  = s
(77)
The rows index the s t a t e  o f  amino ac id  res idues  I and i - 1 ,  w h i l e  the  
columns index the s t a t e s  o f  res idues  i and i+ 1 .  This  d i f f e r s  from the  
2 x 2  m a t r ix  in the in t r o d u c t i o n  by the  f a c t  t h a t  not on ly  a re  r e s i ­
dues i and i - 1  being co n s id e re d ,  but a ls o  i+1 .  An h denotes a h e l i c a l  
s t a t e ,  w h i le  a c denotes a re s id u e  in any o th e r  c o n form at ion .  As 
be fo re  the c o i l  s t a t e  is assigned a s t a t i s t i c a l  weight  o f  u n i t y .  
H e l i c a l  res idues  a re  assigned a s t a t i s t i c a l  w e igh t  o f  s i f  they a re  
in the i n t e r i o r  o f  a h e l i c a l  segment.  Amino ac id  res idues  a t  e i t h e r  
end o f  a h e l i c a l  segment a re  ass igned a s t a t i s t i c a l  weight o f  o^s. in 
t h i s  manner the end e f f e c t s  a re  evenly  d i s t r i b u t e d  between both ends 
o f  a p a r t i c u l a r  h e l i c a l  segment.  Most o f  the elements which a re  
assigned a va lue  o f  ze ro  a re  nonsense c o n fo rm at io n s .  The e xc e p t io n  to  
t h i s  is the second element  in the f i r s t  row, which s in ce  i t  has been
5*»
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ass igned a va lu e  o f  z e r o ,  p r o h i b i t s  the occurrence o f  a h e l i c a l  
segment one res idue  in s i z e .  I t  should be mentioned t h a t  the h e l i x  
p r o b a b i l i t y  p r o f i l e s  c a l c u l a t e d  us ing the s t a t i s t i c a l  w e igh t  m a t r i x  
in equat ion  77 a r e  s i g n i f i c a n t l y  d i f f e r e n t  from those ob ta in ed  when 
the burden o f  h e l i x  i n i t i a t i o n  is placed on the amino ac id  re s id u e  
o f  the h e l i c a l  segment.
The s t a t i s t i c a l  weights  f o r  the amino ac id  residues which were
used in the c a l c u l a t i o n s  a r e  l i s t e d  In t a b l e  2.  The p r o l y l  res idue
was assigned a va lue  o f  zero f o r  s in re c o g n i t io n  o f  the severe  s t e r i c
103problems encountered upon i t ' s  in c o r p o r a t io n  i n to  an a lpha  h e l i x .  
Parameters f o r  the c y s t e i n y l  re s idue  were not re q u i re d  because t h i s  
res idue  is not p resent  in e i t h e r  6-endorphin  73*1 OA 0 f  £ ! - | j p 0 t r o -
n i n  5 8 ' 5 9  p i .
The s t a t i s t i c a l  weights  used f o r  the res idues  in the presence o f  
a n io n ic  l i p i d s  and d e te rg e n ts  a r e  based on a mode) descr ibed  p re v io u s ­
l y .  ^  This model was based on the f a c t  t h a t  c a t i o n i c ,  9 6 " 9 9 *1 0 5 ,1 0 6  
but not a n io n ic  o r  uncharged, 108 ,109  homopolypeptides have a 
marked increase  in t h e i r  tendancy f o r  h e l i x  fo rm at ion  in the presence  
o f  sodium dodecyl  s u l f a t e .  As a consequence o f  t h i s  f a c t ,  l a r g e r  
values o f  a and s a re  used f o r  a r g i n y l ,  h i s t i d y l ,  and tysy l  re s id u e s .  
This  model has been shown to be a b le  to  account f o r  both the o p t i c a l  
a c t i v i t y  and t r a n s p o r t  p r o p e r t i e s  o f  a l a rg e  number o f  sodium dodecyl  
s u l f a t e - p r o t e i n  complexes.  1^1*102 v a lues used f o r  these residues
are  ; o -  0 . 0 5 ,  and s *  1 .7 .
I f  th e re  is compensation between long range i n t r a m o le c u la r  
i n t e r a c t i o n s  and sol vent -m acromolecule  i n t e r a c t i o n s ,  the c o n f i g u r a t i o n  
p a r t i t i o n  f u n c t i o n ,  Z,  f o r  a p a r t i a l l y  h e l i c a l  c o p o ty p e p t id e
5 6
c o n ta in in g  n amino ac id  residues is ;
Z -  J *  U ;n J ( 7 8 )
where J A is r o w ( l , 0 , 0 )  and J is c o l ( 1 , 1 , 0 ) .  The p r o b a b i l i t y  t h a t  amino 
a c id  res idue  i is in a h e l i c a l  s t a t e ,  Ph . , ,  is  computed by ;
n  J J
"h;, -  J.*  “ l “2 U- l - l .Uh;i.Ul*1 “n J <79>
where Ul * is ob ta in ed  from U. by n u l l i n g  a l l  elements in the f i r s t‘-I; f I *
column. The o v e r a l l  h e l i c a l  c o n te n t  o f  a c o p o lyp ep t id e  is ;
f h ■ n-> I  p (80)
i -1
Each p^ , is the sum o f  the p r o b a b i l i t i e s  t h a t  an amino a c id  res idue
i n i t i a t e s ,  propagates ,  or te rm ina tes  a h e l i c a l  segment. These
p r o b a b i l i t i e s  a r e  denoted by p, . ,  p „ . , ,  and p. r e s p e c t i v e l y .  They
b ; 1 P , 1 t ; 1
a re  computed in the f o l lo w in g  manner ;
Pb ; r -  z - '  r’ -’ M z  • • •  y i - K ub ; i u- i + i  • • •  %  J.  <8 | >
pp ; i  ■ Z " '  “ n_J <8 2 >
pt i l  '  2 - 1  i *  ^_U2 • • •  Un J_ (83)
The primed m atr ices  in equat ions  81 -  83 a re  ob ta in ed  by n u l l i n g  a l l  
elements o f  U(. except one.  For U^, . the nonzero element is 1 ,3 *  f o r
1 1
U . i t  is 3 , 3 ,  and i t  is the 3 , 2  element f o r  LL . . .
- p ; 1 ~ ,
The mean squared unperturbed rad ius  o f  g y r a t io n  was c a l c u l a t e d  in a 
manner s i m i l a r  to th a t  shown in equ at io n  76.  The t r a n s fo r m a t io n  
m atr ices  used a re  those l i s t e d  in the i n t r o d u c t i o n .  A l l  o f  these
c a l c u l a t i o n s  a re  s t r a ig h t f o r w a r d  a p p l i c a t i o n s  o f  the p r i n c i p l  
o u t l i n e d  in the i n t r o d u c t i o n .
Pages 58 and 59 a r e  miss ing in number o n ly .
. y
W l11iam J.  Cooper, 
Dean
U c  <<-4.lt. >y y f  
J r .
RESULTS AND D I S C U S S I O N
Beta-Endorphin  and B e t a - L l p o t r o p i n  in Water
Ext remely  small  h e l i c a l  co n te n ts  a r e  computed f o r  human 8 -endorphin  
and ov ine  f j - I i p o t r o p i n  in w a t e r .  At 3 0 °C , these r e s u l t s  f o r  f ^  a re  
0 . 0 1 1* f o r  B-endorphin  and 0.031 f o r  B - l i p o t r o p i n .  The c i r c u l a r  
d ic hro ism  s p e c t ra  o f  these p r o te in s  in water  In d i c a t e  the presence  
o f  very  l i t t l e ,  i f  any,  ordered  s t r u c t u r e .  5 5 ,5 6 ,8 7  Thus the  
c a l c u l a t i o n  and the exper im enta l  r e s u l t s  a re  in agreement.
The computation o f  the unperturbed dimensions y ie l d s  a v a lue  o f
1
21 Angstroms f o r  < s / > q  f o r  6 -e n d o rp h in  and 35 Angstroms f o r  6 - 1 ipo-  
t r o p i n .  I t  would be o f  g r e a t  i n t e r e s t  to  compare these c a l c u l a t e d  
values  w i th  those ob ta in ed  from expe r im ent .  However, on ly  the  
pe r tu rb ed  dimensions can be determined from the a v a i l a b l e  v is c o s i t y  
d a ta .  ^6 i n t r i n s i c  v i s c o s i t y  { n }0 can converted to  the root
mean squared rad ius  o f  g y r a t io n  by the f o l l o w i n g  r e l a t i o n s h i p  ;
< s 2 >* -  ( 1 / 6 ) *  ( { n )Q M / * ) 1 /3  (84)
where M is the m o lec u la r  w e ig h t ,  and <t> is a constant  whose v a lue  is
-1 2 4about 0.0021 f o r  { n ) Q in dl  g and <s  in Angstroms. The r e s u l t i n g  
values  o f  <s2 >* a r e  22 Angstroms f o r  g-endorphln  and 36 Angstroms fo r  
B - l i p o t r o p i n .  The agreement between c a l c u l a t i o n  and exper iment here  
depends upon how la rg e  o f  a c o r r e c t i o n  must be made to  account f o r  
excluded volume e f f e c t s .  I f  the c o r r e c t i o n  is s m a l l ,  as i t  Is fo r  
m yel in  bas ic  p r o t e i n ,  then the agreement between the computed
and the exper imenta l  va lues f o r  <s^>* f o r  6 _®nclorphin  and B - l i p o t r o p i n
60
61
is qui t e  good.
O ve ra l l  H e l i c a l  Content f o r  6 -E ndorph in  and g - L t p o t r o p l n  In SDS
Computation using dodecyl  s u l f a t e  parameters a t  30°C y ie l d s  a va lue  
o f  0 . 1 9  f o r  f^ f o r  6-endorphin  and 0 . 2 5  f o r  B - l i p o t r o p i n .  In conjunc­
t i o n  w i t h  f i g u r e  o f  r e fe re n c e  101,  the p re d ic te d  va lu e  o f  the mean 
res id u e  e l l i p t i c i t y  a t  222 nanometers is -8200  +1100 deg cm^ dmol-1 
f o r  these p r o te in s  in dodecyl  s u l f a t e .  Expermimental  measurements 
c o n f i rm  t h a t  a s i g n i f i c a n t  amount o f  h e l i x  is induced in these  
p r o te in s  by dodecyl  s u l f a t e .  However, the measured el 1 i p t i c i t i e s  a t  
222 nanometers a re  somewhat more n e g a t iv e ,  being - 1 2 ,0 0 0  f o r  g - e n d o r ­
phin and - 1 ^ , 0 0 0  f o r  B - l i p o t r o p i n .  56
Whi le  phosphatidyl  c h o l in e  and c e re b o s id e ,  which a re  n e u t ra l  l i p i d s ,  
have l i t t l e  e f f e c t  on the c i r c u l a r  d ic hro is m  o f  B-endorphin,  a n io n ic  
l i p i d s  induce an a p p r e c ia b le  amount o f  h e l i c a l  s t r u c t u r e  in t h i s  
p r o t e i n .  ^  C i r c u l a r  d ichro ism  spec tra  show mean res idue  e l l i p t i c i -  
t i e s  a t  222 nanometers o f  about - 8 0 0 0  deg cm^ dmol-  ̂ in the presence  
o f  c e re b ro s id e  s u l f a t e  o r  g a n g l io s id e  , w h i te  - 1 0 ,0 0 0  is obta ined
in the presence o f  pho sp h a t id ic  ac id  o r  phosphatidyl  s e r i n e .  The 
behav ior  in the presence o f  c e re b ro s id e  s u l f a t e  is o f  g r e a t  i n t e r e s t  
s ince  t h i s  l i p i d  has been suggested to be an a c t i v e  component o f  the  
o p i a t e  r e c e p to r  in the b r a i n .  8 4 -8 6  e l l i p t i c i t y  observed in the
presence o f  c e re b ro s id e  s u l f a t e  is in e x e l l e n t  agreement w i t h  t h a t  
computed f o r  B-endorphin  using the dodecyl  s u l f a t e  parameters.
H e l i x  P r o p a g a t i o n  P r o b a b i l i t y  P r o f i l e  f o r  6 - E n d o r p h i n  i n  A c i d i c  L i p i d s
An average length  o f  s i x  res idues  is computed f o r  the h e l i c a l
62
segments o f  S-endorphin when the dodecyl  s u l f a t e  parameters a r e  used.
A t t e n t i o n  is now focused upon the p r o f i l e  c onst ruc ted  from P p . j *
r a t h e r  than p ^ . .  in o rd e r  to suppress c o n t r i b u t i o n s  from ext rem ely
short  h e l i c a l  segments. The h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e s
f o r  6 -e n d o rp h in  in water  and dodecyl  s u l f a t e  a re  shown in f i g u r e  7-
The f i r s t  f i v e  residues o f  6 -e n d o rp h in ,  which have the same amino ac id
sequence as m e th ion ine  e n k e p h a l in ,  a re  seen to have small p . both
P ♦ 1
in water  and dodecyl  s u l f a t e .  As a m a t te r  o f  f a c t  i t  is obvious from 
f i g u r e  7 t h a t  the e n t i r e  amino te rm in a l  p o r t io n  o f  the c ha in  seems to  
have very  l i t t l e  tendancy f o r  a lpha  h e l i x  fo rm at ion  in e i t h e r  s o lv e n t .  
Large va lues  f o r  p ^. a r e  encountered o n ly  in the carboxyl  p o r t io n  o f  
the B'endorphin  c h a in ,  and these values a re  not ob ta in e d  unless the  
dodecyl  s u l f a t e  parameters  a re  used f o r  the fo u r  lys y l  re s id u e s .  The 
probable  h e l i x  forming p o t e n t i a l  o f  t h i s  p o r t io n  o f  the molecule  has 
been mentioned p r e v i o u s l y ,  5 5 .8 6  unambiguous p r e d i c t i o n s  in
q u a n t i t a t i v e  agreement w i t h  exper iment have not been for thcoming.
The area o f  h ig h e s t  h e l i x  propagat ion  p r o b a b i l i t y ,  res idues  17-29  
o f  human 6 - e n d o r p h in ,  has the sequence LFKNAIIKNAYKK. The on ly  s id e -  
chains bear ing  charges a t  p h y s io lo g ic a l  pH a re  the four  lysy l  
re s id u e s .  Fur thermore ,  severa l  o f  the s id e  chains  in t h i s  sequence a re  
hydrophobic.  The d i s p o s i t i o n  o f  the s id e  chains in t h i s  sequence when 
the backbone forms an a lpha  h e l i x  is shown in f i g u r e  8 .  The h e l i x  is  
seen to  have a s u r fa c e  where the s id e  chains a r e  those o f  l e u c y l , 
a l a n y l ,  p h e n y la la n y 1, i s o l e u c y l ,  and t y r o s y l  re s id u e s .  This makes 
t h i s  s ur face  very  s t r o n g ly  hydrophobic .  Three c a t i o n i c  res idues  are  
found a t  the carboxyl  te rm in a l  end o f  the h e l i c a l  segment,  and a 
f o u r t h  occurrs  a t  the o th e r  end. Thus the re g io n  o f  h ighest  h e l i x
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Figure  7 . H e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e s  f o r  human B-endorphin  
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F igure  8 . Amino a c id  res idues  17-29  (LFKNAIIKNAYKK) f o r  human
8-endorph in  arranged to r e f l e c t  the d i s p o s i t i o n  o f  the s id e -  
chains  in the a lpha  h e l i c a l  con form at ion .  1 1 '
6 6
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forming p o t e n t i a l  in 8 -endorph in  is i d e a l l y  s u i te d  to  p a r t i c i p a t e  in 
f a v o r a b le  hydrophobic and e l e c t r o s t a t i c  in t e r a c t i o n s  w i th  a c i d i c  
l i p i d s .  These r e s u l t s  would lend support to a model in whieh the  
t a t t e r  h a l f  o f  the molecule  is p a r t i a l l y  immersed in an a n io n ic  
membrane when the p e p t id e  is bound a t  the recep tor  s i t e .
I t  is o f  f u r t h e r  i n t e r e s t  to in q u i re  how t h i s  p r e d i c t i o n  f i t s  
w i th  the la rge  amount o f  work which has been done w i th  6 -endorphin ,  
and 6-endorphin analogues and f ragments .  Camel 6-endorphin  has the  
same sequence as human 6 -endorph in ,  except f o r  two p o s i t i o n s .  The 
d i f f e r e n c e s  a re  a t  p o s i t io n  27(cam el:H ,  human:Y),  and a t  p o s i t i o n  31 
(camel:Q, Human:E). Camel 6 -endorph in  has a h igher  b ind ing  a c t i v i t y  
than human 8 -endorphin .  However, the a n a lg e s ic  a c t i v i t y  is
about the same f o r  both p e p t id e s .  This im pl ies  several  th in g s .  F i r s t ,  
the b ind ing  a c t i v i t y  o f  o p io id  peptides  is not a s a t i s f a c t o r y  i n d i c a ­
t io n  o f  the a n a lg e s ic  potency o f  a g iven  molecule .  I t  a ls o  p o in ts  
toward the area  o f  the cha in  which the c a l c u l a t i o n  p r e d ic ts  as being  
important  in the i n t e r a c t i o n  between 0 -endorph in  and c ereb ro s id e  
s u l f a t e  as being j u s t  t h a t .  The s u b s t i t u t i o n  o f  the h i s t i d i n e  in to  
p o s i t i o n  27 adds y e t  another  c a t i o n i c  s id ec ha in  which can i n t e r a c t  
w i t h  the n e g a t i v e l y  charged r e c e p t o r ,  w h i le  the replacement o f  
glu tam ate  a t  p o s i t io n  3 1  by g lu ta m ine  e l im i n a t e s  a n e g a t i v e l y  charged  
s id e c h a in ,  which could p o s s ib ly  be a source o f  u n fa v o rab le  i n t e r a c t i o n  
w i t h  a n e g a t i v e l y  charged r e c e p t o r .
A study o f  a l o c a l i z e d  0 -endorph in  recep tor  from r a t  b r a in  a ls o  
y ie ld e d  some i n t e r e s t i n g  r e s u l t s .  They found t h a t  among o th e r  
th ings t h a t  reasonable  c o n c e n t r a t io n s  (submi11 im o la r ) o f  d i v a l e n t  
c a t io n s  i n h i b i t e d  the b ind ing a c t i v i t y  o f  8 -e n d o rp h in .  This  is
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p e r t i n e n t  to the d iscuss ion  because ca lc ium  ions i n h i b i t  the fo rm at ion  
o f  a lpha  h e l i x  by 6 -e ndorph in  in the presence o f  c e re b ro s id e  s u l f a t e ? ^  
The p h y s io lo g ic a l  s i g n i f i c a n c e  o f  t h i s  f a c t  is not known a t  the  
present  t im e .  From i n h i b i t i o n  p a t te r n s  w i th  severa l  r e la t e d  peptides  
i t  appears t h a t  8 -endorph in  and meth ion ine  enkepha l in  i n t e r a c t  w i th  
o v e r la p p in g  but n o n id e n t ic a l  b ind ing  s i t e s .
T h is  study led to  a d e t a i l e d  study o f  the b ind ing a c t i v i t y  and 
a n a lg e s ic  p r o p e r t i e s  o f  a group o f  6 -endorph in  fragments o f  d i f f e r n t  
chain  le n g th s .  The fragments s tud ied  were g -endorph in  ( 1 - 3 0 1
( 1 - 3 0 ) ,  0 - 2 9 ) ,  ( 1 - 2 8 ) ,  ( 1 - 2 6 ) ,  ( 1 - 2 1 ) ,  0 - 1 5 ) ,  ( 1 - 5 ) ,  and camel 
6 -endorph in  ( 6 - 3 0 -  Both the ( 1 - 3 0 )  and (1 - 2 9 )  fragments have a h igher  
b ind ing  a c t i v i t y  than 6 -endorph in  i t s e l f .  On the o th e r  hand, chains  
which only  c o n ta in  p o r t io n s  o f  the amino te rm ina l  reg ion  o f  the chain  
have a very  small amount o f  b ind ing  a c t i v i t y  r e l a t i v e  to the i n t a c t  
6 -endorph in  m olecu le .  The b ind ing  a c t i v i t y  increases f i v e f o l d  from 
( 1 -1 5 )  to  ( 1 - 2 1 ) ,  and s i x f o l d  from (1 -2 1 )  to  ( 1 - 2 6 ) ,  F u r th e r  a d d i t io n s  
to  the chain  f u r t h e r  increase  the b ind ing  a c t i v i t y ,  but not in near  
as dram at ic  fash io n  as from ( 1 -1 5 )  to ( 1 - 2 6 ) .  Th is  da ta  a ls o  impl ies  
t h a t  the carboxyl  te rm in a l  re g io n ,  and the res idues  o f  the  p o s tu la ted  
h e l i c a l  segment in p a r t i c u l a r ,  a r e  important f o r  the b ind ing  a c t i v i t y  
o f  8 -e n d o rp h in .
A p l o t  o f  the  b ind ing  a c t i v i t y  o f  the pept ides  versus the c a l c u l a t ­
ed f^  f o r  the pept ides  in dodecyl  s u l f a t e  is shown in f i g u r e  9.  The 
change in the b ind ing  a c t i v i t y  as the chain  len g th  is increased has 
a s trong c o r r e l a t i o n  to  the c a l c u l a t e d  f^  in dodecyl  s u l f a t e ,  w i t h  one 
e x c e p t io n .  The e x c e p t io n  is camel 6 -endorph in  ( 6 - 3 1 ) .  The a n a lg e s ic  
potency a ls o  increases in a manner roughly  p r o p o r t io n a l  to the b inding
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a c t i v i t y .  The p e p t id e  camel 6 -endorph in  (6 -3 1 )  has r e l a t i v e l y  l i t t l e  
b ind ing  a f f i n i t y  and l i t t l e  o r  no a n a lg e s ic  potency.  This  means th a t  
both p r o p e r t i e s  a r e  dependent upon both the amino te rm in a l .a n d  
carboxyl  te rm ina l  p o r t io n s  o f  the c h a in .  The amino te rm ina l  reg ion  
seems to  be important in so f a r  as the a n a lg e s ic  potency o f  the mole­
c u le  is concerned,  but the b ind ing  process invo lves  both the m eth io ­
nine e n ke p h a l in  sequence,  res idues  1 - 5 , and a p o r t io n  o f  the molecule  
which is towards the carboxyl  te rminus.
The best e x p la n a t io n  is th a t  the amino terminus probably  binds to  
the meth ionine  e nkepha l in  s i t e ,  and the carboxyl  te rm inal  sequence 
binds ,  and in some way r e in f o r c e s  the a f f i n i t y  o f  the 6 -endorpht‘ n 
molecule  f o r  the re c e p t o r .  I t  is not known a t  the present t ime  
whether p-endorphin and m eth ion ine  e nkepha l in  bind d i f f e r e n t l y  to the  
same r e c e p t o r ,  or  to d i f f e r e n t  rece p to rs  w i t h  o v e r la p p in g  s p e c i f i c i t y
7 0
F igure  9 . A p l o t  o f  the b ind ing  a c t i v i t y  o f  several  ( j -endorphin
fragments r e l a t i v e  to human ^"endorphin ,  where the a c t i v i t y  
o f  human 6 -endorph in  is assigned a v a lue  o f  1 0 0 , versus the  
v a lue  o f  f^ c a lc u l a t e d  f o r  the peptides  w i th  the dodecyl  
s u l f a t e  paramete rs .  The b inding da ta  is from r e fe re n c e  1 1 *4 .
o ' °




P I  D INDUCED CONFORMATIONAL CHANGES IN 
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INTRODUCTION
The g a s t r o i n t e s t i n a l  hormones glucagon, ^ 5  s e c r e t i n ,  116 ,117  an(j
v a s o a c t iv e  i n t e s t i n a l  pep t id e  " 8 , 1 1 9  ^ave amino a c id  sequences
( f i g u r e  1 0 ) which suggest t h a t  they a r e  de r iv e d  from a common 
120 -122a n c e s to r .  These s i m i l a r i t i e s  a r e  not c onf ined  to  t h e i r  c o v a l ­
ent  s t r u c t u r e s .  W h i le  each p e p t id e  d is p la y s  c e r t a i n  unique a c t io n s ,  
they a ls o  have many b i o l o g i c a l  a c t i v i t i e s  in common. 1 2 3 - 1 2 6  gne area  
o f  g r e a t  c u r r e n t  i n t e r e s t  is t h e i r  p o t e n t i a l  involvement as neuro-
12^ j 20
t r a n s m i t t e r s  ; e s p e c i a l l y  v a s o a c t iv e  i n t e s t i n a l  p e p t id e .  *
None o f  these pept ides  is h ig h ly  ordered  when in d i l u t e  aqueous 
s o l u t i o n .  Presumably order  is induced when they i n t e r a c t  w i th  t h e i r  
re c e p to r .  One o b j e c t i v e  o f  t h i s  chapter  is to  de te rm ine  the p o r t io n  
o f  the c ha in  in which a n io n ic  l i p i d s  a re  l i k e l y  to induce o r d e r .  The 
approach used is e s s e n t i a l l y  the same as t h a t  used in the
previous ch ap te r  f o r  f i-endorph i n . The c o n f i g u r a t i o n  p a r t i t i o n  fu n c t io n  
f o r  a p a r t i c u l a r  pep t ide  is fo rm ula ted  in a manner which q u a n t i t a t i v e ­
ly incorpora tes  c onform at iona l  e f f e c t s  observed w i th  s y n t h e t ic  
p o lypept ide s  and p ro te in s  in s o l u t i o n .  100,101 E x p e r im e n ta l ly  
measurable o p t i c a l  p r o p e r t i e s  can be e x t r a c t e d  from the c o n f i g u r a t i o n  
p a r t i t i o n  f u n c t i o n .  I f  the agreement between computed and exper imenta l  
values is good, a d d i t i o n a l  in f o r m a t io n ,  not n e c e s s a r i l y  s u s c e p t ib le  to  
d i r e c t  exper imenta l  d e t e r m in a t io n ,  may l e g i t i m a t e l y  be e x t r a c t e d  from 
the c o n f i g u r a t i o n  p a r t i t i o n  f u n c t i o n .  The important in fo rm a t io n  here  
is t h a t  p o r t io n  o f  the i d e n t i t y  o f  th a t  p o r t io n  o f  the c ha in  in which  
o rde r  is induced.
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F i g u r e  1 0 .  A m in o  a c i d  s e q u e n c e s  o f  g l u c a g o n ,  s e c r e t i n  
and v a s o a c t i v e  i n t e s t i n a l  p e p t i d e .  The  
c a r b o x y l  t e r m i n u s  i s  an a m id e  g r o u p  in  
s e c r e t i n  and v a s o a c t i v e  i n t e s t i n a l  p e p t i d e
7 5
g lucagon
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The study in t h i s  chapter  is a ls o  o f  i n t e r e s t  from a pure ly  
t h e o r e t i c a l  p o in t  o f  v iew.  Whi le  the amino ac id  sequences o f  glucagon,  
s e c r e t i n ,  and v as o a c t iv e  i n t e s t i n a l  p e p t id e  e x h i b i t  e x t e n s iv e  homology,  
those d i f f e r e n c e s  which do occur a re  re sp o n s ib le  f o r  the p r e d i c t i o n  
th a t  these peptides  should show s i g n i f i c a n t l y  d i f f e r e n t  h e l i c a l  content  
in the presence o f  a n io n ic  l i p i d s .  I f  the c o n f i g u r a t i o n  p a r t i t i o n  
f u n c t io n  is fo rm ula ted  in the manner used f o r  o th e r  pept ides  and 
p r o t e i n s ,  1 0 0 , 1 0 1  , 1 2 9 , 1 3 0 , 1 1 1  t f,e h e l i c a l  content  in the presence o f  
an a n io n ic  l i p i d  is p r e d ic te d  to increase  in the  o rd e r  glucagon < 
s e c r e t i n < v a s o a c t iv e  i n t e s t i n a l  p e p t id e .  Thus the behav ior  o f  these  
p ept ides  prov ides  a s e n s i t i v e  t e s t  f o r  the v a l i d i t y  o f  assumptions  
used in the t rea tm ent  o f  processes by which a n io n ic  l i p i d s  induce  
o rder  in p o ly pept ides  and p r o t e i n s .
EXPERIMENTAL
M a t e r i a l s  were purchased from the f o l l o w i n g  sources : v as o a c t iv e  
i n t e s t i n a l  p e p t id e  from Vega B iochem ica ls ,  s e c r e t i n  from United  S ta tes  
Biochemical  C o rp o ra t io n ,  glucagon, L -a -  p hospha t id ic  a c id  ( d lp a im i t o y  I ) 
and L -a -  l y s o p h o s p h a t ld y lc h o l in e  ( p a l m i t o y ! )  from Stgma Chemical  
Company, phosphatidyl  g ly c e r o l  from Catbiochem, and sodium dodecyl  
s u l f a t e  from Matheson, Coleman, and Be l l  Manufac tur ing  Chemists.
C i r c u l a r  d ichro ism  measurements were conducted on p r o t e i n  s o lu t io n s  
prepared by d i l u t i o n  o f  a stock  s o lu t io n  w i t h  d i s t i l l e d  de io n ized  
w a t e r .  The pH was measured w i t h  a Beckman 3500 pH meter .  C i r c u l a r  
dichro ism  measurements were made w i th  a Durrum-Jasco s p e c t r o p o la r im e t e r  
c a l i b r a t e d  w i th  d - 10 -c am phorsu l fon ic  a c id  in w a t e r .  *31 Measurements 
were made using fused q u a r tz  c e l l s  w i t h  a p a th le n g th  o f  10 mm. P r o te in  
c o n c e n t ra t io n s  were about 0 .0 0 5  mg/ml. T y p ic a l  u n c e r t a i n t i e s  fo r  
[ e ] 2 2 2  were about 300-700  deg cm dmol . Ce l l  temperatu re  was 
main ta ined  w i t h  a c i r c u l a t i n g  water  bath connected to a brass water  
j a c k e t  surrounding the c e l l .  Sample temperature  was determined w i th  a 
Yel low  Springs Instrument model Y2Sc te le therm om eter  b e fore  and a f t e r  
each spectrum was recorded.
Concentra t ions  o f  s e c r e t i n  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e  stock
s o lu t io n s  were determined from a q u a n t i t a t i v e  amino ac id  a n a l y s is  o f
the a c id  h y d r o ly s a te .  The c o n c e n t r a t io n  o f  the glucagon stock s o l u t i o n
132
was determined from the absorbance a t  270 nanometers.
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CALCULATIONS
H e l i x  p r o b a b i l i t y  p r o f i l e s  were c a lc u l a t e d  as descr ibed in c hapter  
100 129
2 f o r  g -endorphin .  * This method is based on the Zimm-Bragg
28a n a ly s is  o f  the h e l i x - c o i l  t r a n s i t i o n  In p o ly p e p t id e s .  In the
method used h e re ,  the burden o f  h e l i x  i n i t i a t i o n  is placed e q u a l ly  on 
amino a c id  residues a t  each end o f  the h e l i c a l  segment. The va lues  o f  
and s used in the c a l c u l a t i o n s  a re  presented in t a b le  2.  The 
p r o b a b i l i t y  t h a t  a re s idue  is h e l i c a l ,  and the p r o b a b i l i t y  th a t  a 
res idue  i n i t i a t e s ,  p ropagates ,  o r  te rm in a tes  a h e l i c a l  segment were  
c a lc u l a t e d  in the manner s p e c i f i e d  by equat ions 7 9 , and 8 1  -  8 3 , 
r e s p e c t i v e l y .  These equat ions  rep rese n t  s t r a ig h t f o r w a r d  a p p l i c a t i o n s  




The low i n t e n s i t i e s  observed in the c i r c u l a r  d ichro is m  o f  aqueous
s o lu t io n s  o f  glucagon, s e c r e t i n ,  and v as o a c t iv e  i n t e s t i n a l  pe p t id e
( f i g u r e  11) suggest a predom inate ly  d is o rd ere d  s t r u c t u r e .  Temperature
c o e f f i c i e n t s ,  d * af"C P0 5 ' * ' 7® anc* ' n t *1® ran 9 e * * 0  -  1 0 0
deg cm^ dmol'^ , being the l a r g e s t  f o r  s e c r e t i n  and the s m a l le s t
f o r  glucagon. In c o n t r a s t ,  n e g a t iv e  temperatu re  c o e f f i c i e n t s  are
obta ined  f o r  com ple te ly  d is o rd ere d  homopolypeptides bear ing  -C i^R
133  134s idecha ins  in the L - c o n f i g u r a t i o n .  ’ Thus the s ign o f  the
temperatu re  c o e f f i c i e n t s  seen w i th  g lucagon, s e c r e t i n ,  and v a s o a c t iv e
i n t e s t i n a l  pep t ide  suggests the presence o f  a l i m i t e d  amount o f
th e r m a l ly  l a b i l e  ordered  s t r u c t u r e .  The h e l i c a l  c ontent  f o r  g lucagon,
s e c r e t i n ,  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e  computed using the values
o f  oand s in t a b l e  2  is in the  range 4 -  6
Several  e a r l i e r  s tu d ie s  o f  the conform at iona l  p r o p e r t i e s  o f  these
pept ides  in d i l u t e  aqueous s o l u t i o n  a ls o  reached the conc lus ion  t h a t
they c o n ta in  a small  amount o f  o rdered  s t r u c t u r e .  The o p t i c a l
r o t a t o r y  d is p e r s io n  o f  s e c r e t i n  ^5 5 , 1 3 6  an(j vasoact i v e  i n t e s t i n a l  
137pe pt ide  in water  has been in t e r p r e t e d  as s i g n i f y i n g  the presence
o f  a shor t  h e l i c a l  segment. Glucagon presents  a more compl ica ted  
s i t u a t i o n .  In s u f f i c i e n t l y  d i l u t e  aqueous s o l u t i o n ,  the h e l i c a l
c ontent  has been found to be s i m i l a r  to  t h a t  o f  s e c r e t i n  and
138-142 u . . . .
v as o a c t iv e  i n t e s t i n a l  p e p t id e .  However, glucagon r e a d i l y
undergoes a g grega t ion  accompanied by an increase  in
7 9
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Figure  11. C i r c u l a r  d ichro ism spectra  a t  30°C f o r  glucagon, s e c r e t i n ,  
and v aso a c t iv e  i n t e s t i n a l  p e p t id e  in water  (dashed l i n e s ) ,  
and in 0 .003  M dodecyl  s u l f a t e  ( s o l i d  l i n e s ) .  Spectra  are  
denoted G (g lu c a g o n ) ,  S ( s e c r e t i n ) ,  and V ( v a s o a c t iv e  
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h e l i c i t y .  ^ 3 7 | n the c r y s t a l l i n e  s t a t e  glucagon adopts
a h ig h ly  h e l i c a l  conform at ion  which is s t a b i l i z e d  by in te rmolecu I a r  
145i n t e r a c t i o n s .
Conformation in A n ion ic  Detergents  and L ip id s
Figure  11 a ls o  d e p ic t s  c i r c u l a r  d ichro ism  s pectra  observed w i th  
glucagon, s e c r e t i n ,  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e  in 0 .0 03  M 
sodium dodecyl  s u l f a t e  a t  30°C. A l l  th ree  pept ides  undergo d r a s t i c  
change in the presence o f  the a n io n ic  d e t e r g e n t .  The s pec tra  e x h i b i t  
f e a tu r e s  expected f o r  p r o te in s  which c o n ta in  an a p p r e c ia b le  amount o f  
alpha  h e l i x .  Glucagon shows the l e a s t  amount o f  induced ordered  
s t r u c t u r e .  The observed mean res idue  e l l i p t i c i t y  a t  222 nanometers  
( - 1 0 , 6 0 0  deg cm dmol"^ a t  30°C) is in harmony w i t h  the r e s u l t  
re por ted  r e c e n t l y  by Wu and Yang. A l a r g e r  h e l i c a l  c ontent  is
induced in s e c r e t i n  and v as o a c t iv e  i n t e s t i n a l  p e p t id e .  Mean res idue  
e l  I i p t I c i t i e s  a t  2 2 2  nanometers a r e  - 1 6 , 1 0 0  and - 1 7 , 2 0 0 , r e s p e c t i v e l y .  
For a l l  th ree  pept ides  [ $^222  ^ecomes ' ess n®9 3 t i v e  as temperature  
increases  over  the range 7 -  50°C. Temperature c o e f f i c i e n t s  range  
from 1 0 0  deg cm^ dmol- ' K-  ̂ fo r  s e c r e t i n  to 1 9 0  deg cm^ dmol-  ̂ f o r  
v as o a c t iv e  i n t e s t i n a l  p e p t id e .  Thus temperature  c o e f f i c i e n t s  seen 
w i th  glucagon and v a s o a c t iv e  i n t e s t i n a l  p e p t i d e ,  but not s e c r e t i n ,  
become s u b s t a n t i a l l y  l a r g e r  In the presence o f  0 . 0 0 3  M dodecyl  
s u l f a t e .  The la rg e  temperature  c o e f f i c i e n t  f o r  v a s o a c t iv e  i n t e s t i n a l  
pe p t id e  causes i t ' s  c i r c u l a r  d ic h ro is m  to d i f f e r  from t h a t  fo r  s e c r e t i n  
by a g r e a t e r  amount a t  7°  than is the case a t  3 0 ° .  At the lower  
tem p e ra tu re ,  f B ^ 2 2  ' S " ^ t ^ O O  ^eg cm  ̂ dmol* '  f o r  v a s o a c t iv e  i n t e s t i n ­
a l  p e p t i d e ,  but o n ly  - 1 8 ,9 0 0  f o r  s e c r e t i n .  A l l  th re e  p e p t id e s  remain
8 3
somewhat h e l i c a l ,  even a t  50°C .
A l l  th re e  pe pt ides  a ls o  undergo e x te n s iv e  conform at iona l  changes 
in the presence o f  a n io n ic  l i p i d s .  Spectra  seen in the presence of  
p hosphat id ic  a c id  ( f i g u r e  1 2 ) a r e  s i m i l a r  in n a ture  to those obta ined  
in dodecyl  s u l f a t e ,  i n d i c a t i n g  a s i g n i f i c a n t  amount o f  induced alpha  
h e l i x .  R e l a t i v e  values o f  - [  6  ^222 were *;*ie same as in sodium dodecyl  
s u l f a t e ,  i . e . ,  v as o a c t iv e  i n t e s t i n a l  p e p t id e  > s e c r e t i n > glucagon.  
However,  f o r  each p e p t id e  [ 6  ^222 ' s somew^a  ̂ l ess n e g a t iv e  than was 
the case in sodium dodecyl  s u l f a t e .  At 30°C [ 0  ] 2 2 2  * s ^ounc  ̂ * °
- 5 0 0 0 ,  - 1 1 , 0 0 0 , and - 1 3 , 7 0 0  deg cm^ dmol-  ̂ f o r  g lucagon,  s e c r e t i n ,  and 
vas o a c t iv e  i n t e s t i n a l  p e p t id e ,  r e s p e c t i v e l y .  The induced h e l i c a l  
s t r u c t u r e  is dest royed in glucagon a t  30°C, and in s e c r e t i n  a t  50°C.  
V asoact ive  i n t e s t i n a l  pep t ide  shows a much s m a l le r  dependence fo r  
[ e ] 2 2 2  than do e i t h e r  glucagon o r  s e c r e t i n .
Cons iderab le  h e l i c a l  content  is a ls o  induced in these th re e  peptides  
by phosphatidy l  g l y c e r o l .  At 30°C [ 6 ^ 2 2  ' S ^ount* t 0  "7000 and 
- 1 7 , 3 0 0  f o r  glucagon and v a s o a c t iv e  i n t e s t i n a l  p e p t id e ,  r e s p e c t i v e l y .  
The c i r c u l a r  d ic h ro ism  o f  s e c r e t i n  in phosphatidy l  g ly c e r o l  was not 
r e p r o d u c ib le .  Whi le  a l l  measurements showed the in d uc t ion  o f  s i g n i f i ­
can t  h e l i c i t y ,  i t  could  not be c o n v in c in g ly  e s t a b l i s h e d  whether the 
r e s u l t i n g  h e l i c a l  content  was g r e a t e r  or  less than t h a t  seen w i th  
v a s o a c t iv e  i n t e s t i n a l  p e p t id e .
C i r c u l a r  d ichro ism  s pec tra  can be converted to  h e l i c a l  c ontent  using  
f i g u r e  o f  re fe re n c e  101.  Th is  f i g u r e  d e p ic t s  measured [ 0 ) 2 2 2  f ° r 
severa l  p r o t e in s  in sodium dodecyl  s u l f a t e  as a f u n c t io n  o f  t h e i r  
h e l i c a l  con ten t  computed from t h e i r  amino ac id  sequences v ia  m a t r ix  
methods. In t h i s  manner the h e l i c a l  content  in sodium dodecyl  s u l f a t e ,
Figure  12 . C i r c u l a r  d ichro ism  s pectra  a t  30°C in k . $  x 10~5 M l-o .-  
p hospha t id ic  a c i d ,  d i p a l m i t o y l .  Curves a re  denoted by G 
(g lu c a g o n ) ,  S ( s e c r e t i n ) ,  and V (v a s o a c t iv e  i n t e s t i n a l  
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phosphat id ic  a c i d ,  and phosphatidyl  g ly c e r o l  is found to  be in the  
range 0 .1*4 -0 .28  f o r  glucagon, 0 . 2 9 - 0 .*43 f o r  s e c r e t i n ,  and 0 . 3 7 - 0 .*47 
f o r  v a s o a c t iv e  i n t e s t i n a l  p e p t id e .  T h e o r e t i c a l  va lues  were computed 
using the m a t r i x  method in which the i n t e r a c t i o n  w i t h  a n io n ic  l i p i d s  
causes an increase in the p r o b a b i l i t y  f o r  h e l i x  fo rm a t io n  by a r g i n y t ,  
h i s t i d y l ,  and tysy l  re s id u e s .  The c a l c u l a t i o n  y ie l d s  h e l i c a l  contents  
a t  the lower end o f  the range d e f in e d  by exper im enta l  c i r c u l a r  
d ichro ism  measurements.  These va lues  a re  0 . 2 0 ,  0 . 2 8 ,  and 0 .3 7  fo r  
glucagon, s e c r e t i n ,  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e ,  r e s p e c t i v e l y .
A proper a p p r e c i a t i o n  f o r  the achievement o f  the c a l c u l a t i o n  is 
obta ined  by r e c a l l i n g  the f o l l o w i n g  f a c t s  : F i r s t ,  the computation  
p r e d ic t s  s i g n i f i c a n t  h e l i c a l  c o n te n t  is induced in a l l  th re e  pept ides  
by a n io n ic  i i p i d s  or  d e t e r g e n t s .  Second, the c a l c u l a t i o n  c o r r e c t l y  
p r e d ic t s  the o rd e r  o f  the h e l i c a l  content  in the presence o f  dodecyl  
s u l f a t e  o r  p hospha t id ic  a c id  is glucagon < s e c r e t i n  <■ v a s o a c t iv e  
i n t e s t i n a l  p e p t id e .  T h i r d ,  the c a l c u l a t i o n  c o r r e c t t y  p r e d ic t s  t h a t  the  
h e l i c a l  con ten t  induced in v a s o a c t iv e  i n t e s t i n a l  p e p t id e  is about  
tw ice  t h a t  fo r  glucagon. F i n a l l y ,  these r e s u l t s  a r e  ob ta ined  w i th o u t  
m a n ip u la t io n  o f  any a d j u s t a b l e  parameters whatsoever .  There has been 
no " f i n e  tu n in g "  o f  the model in o rd er  to maximize agreement between 
computation and exper im ent .
H e l i x  Propagat ion  P r o b a b i l i t y  P r o f i l e s
Since i t  has now been e s t a b l i s h e d  t h a t  the fo r m u la t io n  o f  the  
c o n f i g u r a t i o n  p a r t i t i o n  f u n c t io n  s u c c e s s f u l l y  captures  the e s s e n t i a l  
fe a tu r e s  o f  the conform at iona l  change induced by a n io n ic  l i p i d s  and 
d e t e r g e n t s ,  i t  is then p o s s ib le  to e x t r a c t  from t h a t  c o n f i g u r a t i o n
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p a r t i t i o n  f u n c t io n  p r o p e r t i e s  which a re  not r e a d i l y  s u s c e p t ib le  to  
exper im enta l  measurement.
p. . denotes the p r o b a b i l i t y  t h a t  amino ac id  re s idue  i -is in a n j t
h e l i c a l  s t a t e .  Th is  p r o b a b i l i t y  is the sum o f  the p r o b a b i l i t i e s  th a t
amino ac id  res idue  i I n i t i a t e s ,  propagates ,  o r  te rm ina tes  a h e l i c a l
segment. The p r o b a b i l i t y  fo r  p ropagat ion  is denoted by p . . .  P r o f i l e s
P»1
d e p i c t in g  ph . .  or pp . j  as a fu n c t io n  o f  i w i l l  d i f f e r  l i t t l e  from one 
another  i f  h e l i c a l  segments a r e  long, because the re  a re  few ends.  
However, these two p r o f i l e s  show s i g n i f i c a n t  d i f f e r e n c e s  i f  the  h e l i c a l  
segments tend to  be s h o r t .  The p r o f i l e  based on pp . ; p a r t i a l l y  sup­
presses the in f lu e n c e  o f  shor t  h e l i c a l  segments. I t  is t h i s  p r o f i l e  
f o r  these pept ides  which is d iscussed here .
G1ucagon
H e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e s ,  c a lc u l a t e d  as o u t l i n e d  in 
chapter  1 and re fe re n c e  100,  a re  d ep ic ted  in f i g u r e  13- There is  
e x t e n s iv e  o v e r la p  o f  the p r o f i l e s  computed f o r  glucagon,  s e c r e t i n ,  and 
v as o a c t iv e  i n t e s t i n a l  p e p t id e  when the parameters  used a re  those  
a p p r o p r ia t e  f o r  w a te r  as the s o l v e n t .  The p r o f i l e s  in c re a s e ,  and 
become d i s t i n g u i s a b l e  from one a n o th e r ,  when the parameters a p p r o p r i ­
a t e  f o r  dodecyl  s u l f a t e  a r e  s u b s t i t u t e d .  The reg io n  o f  h ighest  
h e l i x  propagat ion  p r o b a b i l i t y  in dodecyl  s u l f a t e  s t a r t s  a t  res idue  1 3  
f o r  a l l  th re e  p e p t id e s .  The h e l i x  propagat ion  p r o b a b i l i t y  remains high 
u n t i l  res idue  20 ,  and undergoes a dram at ic  decrease between res idues  
20 and 21 f o r  s e c r e t i n  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e .  In the  
case o f  glucagon,  however,  the h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e  
undergoes a r a t h e r  gradual  decrease  as one proceeds from amino a c id
8 8
F ig u re  13 . Computed h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e s  fo r
glucagon, s e c r e t i n ,  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e  in 
water  (dashed l i n e s ) ,  and in the presence o f  dodecyl  
s u l f a t e  ( s o l i d  l i n e s ) .  Curves a re  denoted as G (g lu c a g o n ) ,  









res id u e  16 towards the carboxyl  terminus.
Wu and Yang s tud ied  i n t a c t  glucagon and th re e  t r y p t i c  fragments in
the presence o f  dodecyl  s u l f a t e .  Ordered s t r u c t u r e  was induced
in n e i t h e r  fragment 1-12 nor 13*17- F igure  13 shows t h a t  the f i r s t
12 res idues  o f  glucagon a re  p re d ic te d  to  exper ien ce  l i t t l e  e f f e c t .
Whi le  amino a c id  residues 13*17 In i n t a c t  glucagon a re  p re d ic te d  to
become more h e l i c a l  in dodecyl s u l f a t e ,  the i s o la te d  pentapept ide  may
be too small to e xper ien ce  a c onform at iona l  change in the presence
o f  sodium dodecyl s u l f a t e .  Fragment 19*29 was found to exper ience
a conform at iona l  change in the presence o f  dodecyl s u l f a t e .  While
t h i s  p o r t io n  o f  the glucagon molecule  is p re d ic te d  to become more
h e l i c a l  in the presence o f  dodecyl  s u l f a t e ,  the enhanced h e l i c i t y  o f
the i s o la t e d  fragment is somewhat p u z z l in g  unless a g grega t ion  occurs .
No b i o l o g i c a l  a c t i v i t y  is e x h i b i t e d  by fragments 1 -2 1 ,  2 2 -2 9 ,
2 0 - 2 9 ,  o r  2 - 2 9 ,  a l though the longest  o f  these fragments does bind to  
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the r e c e p t o r .  ' The th re e  s h o r te r  fragments ,  which show no b ind ing  
a c t i v i t y ,  do not r e t a i n  the  reg io n  o f  high h e l i x  propagat ion  p r o b a b i l ­
i t y  d ep ic ted  in f i g u r e  13 i n t a c t .  In the c r y s t a l l i n e  s t a t e ,  amino acid
11(5residues 10-25 a re  found to  be h e l i c a l .  B lunde l l  and h is  cowork­
e rs  suggest th a t  t h i s  segment may a ls o  be h e l i c a l  when glucagon 
i n t e r a c t s  w i th  i t ' s  r e c e p t o r .  The e m p ir ic a l  method o f  Chou and
Fasman has a ls o  been used to p r e d i c t  several  s t r u c t u r e s  f o r  g lucagon,
tug
one o f  which has a h e l i c a l  segment a t  amino ac id  res idues  1 9 * 2 7 .
The v a lue  o f  f 0 1222 ^or  * n t a c  ̂ glucagon in sodium dodecyl  s u l f a t e  
becomes more n e g at ive  when the pH is towered to about 2. In glucagon  
th e re  a r e  th re e  a s p a r t i c  a c id  res idues  in te rs p e rs e d  among the c a t i o n i c  
residues which a re  p re d ic te d  to i n t e r a c t  most s tong ly  w i t h  the a n io n ic
91
d e t e r g e n t .  When io n i z e d ,  these a s p a r t y l  res idues  should produce an 
u n fa v o rab le  i n t e r a c t i o n  w i t h  the head group o f  an an io n ic  l i p i d  o r  
d e t e r g e n t .  Th is  i n t e r a c t i o n  may e x p la in  the pH dependence and a ls o  
c o n t r i b u t e  to  the thermal l a b i l i t y  o f  the h e l i c a l  s t r u c t u r e  induced 
in glucagon by p hospha t id ic  ac id  and phosphatidyl  g l y c e r o l .
Secre t  in
The main d i f f e r e n c e s  in the h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e s  
fo r  glucagon and s e c r e t i n  in dodecyl s u l f a t e  l i e  in the d i s t i n c t n e s s  
o f  the area  o f  maximum p r o b a b i l i t y  and in the he ight  o f  the maximum. 
C l e a r l y  the induced h e l i c a l  segment in s e c r e t i n  is l o c a l i z e d  in the  
area  o f  amino a c id  res idues  13_20.  The reg ion o f  high h e l i x  propaga­
t i o n  p r o b a b i l i t y  in f i g u r e  1 3  is in reasonable  accord w i t h  r e s u l t s  o f
a study o f  the p ro p e n s i ty  f o r  c h lo r o e t h a n o l - in d u c e d  h e l i x  fo rm a t ion
115in s e c r e t i n  fragments .  Fragments 15*27 ,  l ‘t - 2 7 ,  and 5*27 showed
a p ro p e n s i ty  f o r  h e l i x  f o r m a t io n ,  which was comparable to  t h a t  o f  the  
i n t a c t  hormone. On the o th e r  hand, fragments 1 -14 ,  1 8 -2 7 ,  19- 27,  20*27 ,  
and 22-27  had a much reduced tendency fo r  h e l i x  fo rm a t io n .  Those 
p ept ides  in which h e l i c i t y  is most e a s i l y  induced r e t a i n  i n t a c t ,  or  
n e a r ly  i n t a c t ,  the region o f  high h e l i x  propagat ion  p r o b a b i l i t y  in 
f i g u r e  13- Another a n a l y s i s ,  ^ 6  using e m p ir ic a l  param eters ,  came to 
the conclus ion  tha t  the most probable  s i t e  f o r  h e l i x  fo rm at io n  was a t  
res idues  17- 2*1.
The amino te rm in a l  p o r t io n  o f  s e c r e t i n ,  e s p e c i a l l y  residues 1 - 6 ,  
is req u i red  f o r  a d e n y la te  c yc las e  a c t i v a t i o n .  Fragment 1-14 can
increase  c y c l i c  adenosine monophosphate product ion  and has a 
measurable b ind ing  a f f i n i t y ,  w h i le  fragment 5-27  can bind to s e c r e t i n
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r e c e p to r s ,  but e x h i b i t s  no a g o n is t  c h a r a c t e r i s t i c s .  1 2 3 ,1 2 4 ,1 5 0  Both 
fragments 14-27  and 1 5 '27  a r e  c o m p e t i t i v e  i n h i b i t o r s  o f  s e c r e t i n  
bind ing  in p a n c r e a t i c  a c in a r  c e l l s .  124 ,150  prom these observ a t io n s  
i t  has been suggested t h a t  the amino te rm ina l  p o r t io n  co n ta in s  the  
a d e n y la te  cyc lase  a c t i v a t i n g  sequence,  w h i le  the h ighest  b ind ing  
a f f i n i t y  l i e s  somewhere towards the carboxyl  p o r t io n  o f  the ch a in .
The l i p i d  induced h e l i c a l  segment d ep ic ted  in f i g u r e  13 could  
t h e r e f o r e  p lay  a r o l e  in p e p t i d e - r e c e p t o r  i n t e r a c t i o n .
V a s o a c t i v e  I n t e s t i n a l  P e p t i d e
The h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e  f o r  v as o a c t iv e  i n t e s t i n a l
p e p t id e  is q u i t e  d ra m a t ic .  Amino a c id  res idues  13_20 have an extremely
high h e l i x  propagat ion  p r o b a b i l i t y .  A major d i f f e r e n c e  between
s e c r e t i n  and v a s o a c t iv e  i n t e s t i n a l  p e p t id e  is the absence o f  a n io n ic
r e s i d u e s  n e a r  t h e  a r e a  o f  h i g h e s t  h e l i x  p r o p a g a t i o n  p r o b a b i l i t y  i n
the l a t t e r .  Th is  f e a t u r e  appears to be one o f  the main d i s t i n g u i s h i n g
1 2 3f a c t o r s  b e t w e e n  t h e  a c t i v i t i e s  o f  t h e  t w o  h o r m o n e s .  N e i t h e r
fragment 1-10  nor 1 8 - 2 8  has any e f f e c t  on the b ind ing  o f  v as o a c t iv e
i n t e s t i n a l  p e p t id e  to r a t  membranes, even a t  c o n c e n t ra t io n s  which are
t 2 8high r e l a t i v e  to the c o n c e n t r a t io n  o f  v as o a c t iv e  i n t e s t i n a l  p e p t id e .  
Fragments 14-28  and 15"28,  however,  have a low but re co g n iz a b le  
a f f i n i t y  fo r  the high a f f i n i t y  v as o a c t iv e  i n t e s t i n a l  p e p t id e  b inding  
s i t e s  in p a n c r e a t ic  a c i n a r  c e l l s .  123 ,150 y^us the l i p i d  induced 
h e l i c a l  segment p re d ic te d  in f i g u r e  13 f o r  v as o a c t iv e  i n t e s t i n a l  
p e p t id e  occurs in an area o f  the chain  which is  im p l ic a te d  in the  
b ind ing  process.
CHAPTER It
3-SHEET TO a-HELIX TRANSITION IN THE BINDING SUBUNIT OF CHOLERA TOXIN
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INTRODUCTION
The b a c t e r i a  V i b r i o  c h o le ra  was i s o la t e d  by Robert Koch in 1883,  
and i d e n t i f i e d  as the pathogen o f  c h o l e r a .  He suggested t h a t  the  
d i a r r h e a  caused by the organism was due to  an excre ted  poison.  This  
was based on the f a c t  t h a t  the organism was found o n ly  in the i n t e s t i n e  
and not in any o th e r  surrounding t i s s u e s .  This c o n te n t io n  was not 
borne out  by e x p e r im e n ta t io n  f o r  many yea rs .  The reason fo r  t h i s  was 
the g r e a t  d i f f i c u l t y  encountered in t r y i n g  to  f in d  a s u i t a b l e  animal  
model f o r  c h o le r a .  The f i r s t  such successful  model was developed in 
1953- A lo t  o f  e x p e r im e n t a t io n  has been done In recent years  w i th
c an in e s ,  ^ 2  antj WOrk ; s now done w i th  i s o la t e d  t i s s u e s  and in 
c e l l  c u l t u r e  as w e l l .  ^53"158
The i s o l a t i o n  o f  pure c h o le ra  t o x i n  was f i r s t  accomplished by 
F i n k e l s t e i n  and L o S p a i lu to  in 1969. '5 9  This  led to g r e a t  advances 
in present day understand ing o f  the s t r u c t u r e  and mode o f  a c t io n  o f  
the t o x i n .  The t o x in  is composed o f  two d i f f e r e n t  types o f  s u b u n i ts ,
A and B. ' 6 0 ,1 6 1  ^ subuni t  is composed o f  two chains which a re
l in k e d  by a d i s u l f i d e  bond. The A subuni t  is the s u b s t i t u e n t  o f  the  
t o x in  which e l i c i t s  the c h a r a c t e r i s t i c  changes in the t a r g e t  c e l l s ,  
in c lu d in g  the a c t i v a t i o n  o f  a d e n y la te  c y c la s e .  The b ind ing  or  B
subuni t  is resp o n s ib le  f o r  the b ind ing  o f  the t o x in  to the c e l l  mem­
brane v ia  s p e c i f i c  i n t e r a c t i o n  w i t h  g a n g l io s id e  The
t o x in  has the subuni t  s t r u c t u r e  AB^ as d e p ic ted  in f i g u r e  l* t .
The purpose o f  t h i s  ch ap te r  is to d e sc r ib e  a novel conform at iona l  
change induced in subuni t  B by sodium dodecyl  s u l f a t e ,  which is
9 *
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F i g u r e  1 . A d i p i c t i o n  o f  t h e  q u a r t e r n a r y  s t r u c t u r e  o f  t h e
c h o l e r a  t o x i n .  The s t r u c t u r e  ABt  i s  g i v e n  as  
p r o p o s e d  t o  a c c o u n t  f o r  t h e  e q u i v a l e n c e  o f  t h e  
b i n d i n g  s u b u n i t s .

9 7
po s s ib ly  r e t a t e d  to the pathogenesis  o f  the c h o le ra  t o x i n .  The B
168subunit  has a molecu la r  weight  o f  1 1 ,6 0^ .  The amino a c id  sequence
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is shown in f i g u r e  15. A rg in y l  35 has been im p l ic a te d  in the
169bind ing  process o f  the B subuni t  w i t h  g a n g l io s id e  GM1 . In so f a r
as the l i p i d  is concerned,  the s p e c i f i c i t y  o f  the i n t e r a c t i o n
a p p a r e n t ly  re s id e s  in the o l i g o s a c c h a r id e  p o r t io n  o f  the molecu le .
There is a lag  t ime o f  several  hours between b inding o f  the to x in  and 
1 52f l u i d  los s .  J I t  has been proposed t h a t  perhaps t h i s  lag a r i s e s  from 
the n e c e s s i ty  f o r  a conform at iona l  change in the t o x i n .
Experimental  c i r c u l a r  d ichro ism  s tu d ie s  and the p re v io u s ly  descr ibed  
s t a t i s t i c a l  mechanical  methods have been combined s u c c e s s fu l ly  to  
r a t i o n a l i z e  the conform at iona l  changes produced in endogenous o p io id  
pe pt ides  and hormonal p r o te in s  upon t h e i r  i n t e r a c t i o n  w i t h  a n io n ic  
l i p i d s .  129 ,13 0 ,1^ 3 .17 1  when these methods a re  a p p l ie d  to  the B 
subuni t  o f  c h o le ra  t o x i n ,  these methods p r e d i c t  a conformat ion  in the  
presence o f  a n io n ic  l i p i d  which is q u i t e  d i f f e r e n t  from the s t r u c t u r e  
thought to  e x i s t  in w a t e r .  ^70 ( f  the g a n g l io s id e  G ^ - c e l l  membrane 
environment bears a s i m i l a r i t y  to t h a t  prov ided by the a n io n ic  l i p i d ,  
then the conform at ion  o f  subuni t  B may indeed change upon b in d in g .  
C i r c u l a r  d ichro ism s tu d ie s  d esc r ibe d  here p ro v id e  exper imenta l  
c o n f i r m a t io n  f o r  the major conclus ions  from t h e o ry .  The conform at iona l  
change observed was found to take  p lace  over a per io d  o f  t ime compara­
b le  to  the lag per io d  observed between t o x in  b ind ing  and f l u i d  loss .
The increase in h e l i c i t y  along wi t h  o t h e r  t h e o r e t i c a l  and s t r u c t u r a l  
f a c t o r s  p o in t  towards a h e l i c a l  h a i r p i n  s t r u c t u r e  f o r  the B subuni t  
in dodecyl  s u l f a t e .
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F i g u r e  15-  The a m i n o  a c i d  s e q u e n c e  f o r  t h e  b i n d i n g  s u b u n i t
168
o f  c h o l e r a  t o x i n .  The  t wo  c y s t e i n e  r e s i d u e s  
i n v o l v e d  i n  d i s u l f i d e  bond f o r m a t i o n  a r e  u n d e r ­
l i n e d  as w e l l  as t h e  s e q u e n c e s  P r o - G I y - S e r  
( P G S ) ,  w h i c h  has a h i g h  p r o b a b l i t y  f o r  r e v e r s e  
t u r n  f o  rma t  i o n .
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Subunit  B o f  c h o le ra  t o x in  from V i b r i o  ch o le ra  and d i t h i o t h r e i t o l
were o b ta in e d  from the Sigma Chemical Company. Sodium dodecyl  s u l f a t e
was ob ta in ed  from Matheson, Coleman, and Bel l  Manufactur ing  Chemists.
P r o t e in  s o lu t io n s  used in t h i s  i n v e s t i g a t i o n  had an approximate
c o n c e n t ra t io n  o f  0 .0 187  mg/ml. The c o n c e n t r a t io n  o f  the subuni t  B was
determined from the absorbance and e x t i n c t i o n  c o e f f i c i e n t  a t  200 
172nanometers.  C i r c u la r  d ichro ism  measurements were made us ing a
Durrum-Jasco record ing  s p e c t r o p o la r im e t e r  c a l i b r a t e d  w i t h  d-10 -camphor-  
131s u l f o n i c  a c i d .  Fused q u a r tz  c e l l s  w i t h  a p a th le n g th  o f  1 and 10
mm were used. Cel )  temperature  was main ta ined  wi t h  a brass water  
j a c k e t  surrounding the c e l l  which was connected to a c onstant  tempera­
tu r e  w ater  ba th .  Sample temperature  was measured wi t h  a Y e l low  Springs  
instruments  model Y2Sc te le therm om eter  be fore  and a f t e r  each scan.
The t h e o r e t i c a l  and exper imenta l  basis f o r  the s t a t i s t i c a l  
mechanical  c a l c u l a t i o n s  was descr ibed  in c h ap ter  one and e l s e w h e r e ! ^  ^
1 0 0
R ESULTS
The c i r c u l a r  d ichro ism  o f  the B subuni t  in water  is n e g a t ive
throughout  the s p e c t r a l  range s tud ied  ( f i g u r e  16 ) .  A s in g le  minimum
was found near 2 1 5  nm having a mean res idue  e l l l p t i c i t y  o f  -5000  deg 
2 *1cm dmol . The shape and i n t e n s i t y  a r e  in reasonable  agreement wi t h  
spec tra  repor ted  e a r l i e r  f o r  the B s u b u n i t .  1^9 ,1 7 0  The spectrum ; n 
water  is i n d i c a t i v e  o f  a v i r t u a l  absence o f  a lpha  h e l i x  and the pres ­
ence o f  a p p r e c ia b le  b e t a - s t r u c t u r e .
In the presence o f  dodecyl  s u l f a t e ,  the c i r c u l a r  d ic hro ism  changes 
d r a s t i c a l l y  over a p e r io d  o f  severa l  hours.  There is an increase  in 
i n t e n s i t y  and a gradual development o f  the double minima which are  
c h a r a c t e r i s t i c  o f  the alpha  h e l i x .  The e q u i l i b r i u m  spectrum is shown 
in f i g u r e  16.  The t ime dependence o f  the  mean res idue  molar e l l i p t i c i t y  
a t  222 nm is d e p ic ted  in f i g u r e  17. H a l f  o f  the change is completed 
in about twenty m inutes ,  but roughly  ten times as long is re q u i re d  
to a t t a i n  e q u i l i b r i u m .  The p r o f i l e  suggests t h a t  m u l t i p l e  steps  are  
invo lved in the rearrangement .  The e q u i l i b r i u m  spectrum is less  intense  
by about 15 i  in the presence o f  excess d i t h i o t h r e i t o l . The development  
o f  h e l i c i t y  is then favored by the presence o f  an i n t a c t  d i s u l f i d e  
bond between c y s t e in e  res idues  9 and 86.  The temperatu re  dependence o f  
the e q u i l i b r i u m  spectrum is s m a l le r  when the d i s u l f i d e  bond is i n t a c t .  
For the cas o f  the d i s u l f i d e  bond broken and i n t a c t  the va lues  o f  
d [ 6 ]2 2 2 ^ T a re  anc* ^  cm  ̂ dmol”  ̂ K \  r e s p e c t i v e l y .  The v a lu e  o f  
^ ( ^ 2 2 2  ob ta ined  in dodecyl  s u l f a t e  suggests a h e l i c a l  c o n te n t  o f  
a p p ro x im a te ly  33 %• A h e l i c a l  c o n te n t  near zero is deduced from the
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F i g u r e  1 6 .  C i r c u l a r  d i c h r o i s m  o f  s u b u n i t  B in ( A)  w a t e r ,  
and ( B)  0 . 0 0 3  M d o d e c y l  s u l f a t e .  C o n d i t i o n s  
w e r e  pH 7 . 0  a t  3 0 ° C  and pH 7 - 0 4  a t  2 5 ° C ,  





F i g u r e  17- T i me  d e p e n d e n c e  o f  [ 9 J 2 2 2 ^ ° r su )̂ u n ' t ® ' n 
0 . 0 0 3  M d o d e c y l  s u l f a t e ,  pH 7 . 0 4 ,  2 5 ° C .  The  
l i n e  t h r o u g h  t h e  p o i n t s  was c a l c u l a t e d  f o r  two  
c o n s e c u t i v e  f i r s t - o r d e r  r e a c t i o n s .  R a t e  c o n t -  
a n t s  w e r e  k j *  0 . 2 1  mi n  ' a nd  0 . 0 0 & 9  m i n , '
and  t h e  e 1 1 i p t i c i t i e s  o f  t h e  t h r e e  s p e c i e s ,  i n
o r d e r  o f  t h e i r  a p p e a r a n c e ,  w e r e  - 4 , 4 0 0 ,  - 8 , 7 0 0 ,



















T im e , m inutes
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c i r c u l a r  d ichro ism  in w a t e r .  The m a t r i x  c a l c u l a t i o n  p r e d i c t s  h e l i c a l  
contents  o f  8 % in water  and 38 % in the  presence o f  dodecyl  
s u l f a t e .  1^*3.100 Exper imenta l  c i r c u l a r  d ic hro ism  spectra  change in 
manner p r e d ic te d  by the th e o ry .
DISCUSSION
The t h e o r e t i c a l  p r e d i c t i o n  (8 % h e l i x  in the absence o f  dodecyl  
s u l f a t e ,  and 38 % in the presence o f  dodecyl  s u l f a t e )  is in reasonable  
agreement w i t h  the c i r c u l a r  d ichro ism  shown in f i g u r e  16. Agreement  
between observed and c a l c u l a t e d  h e l i c i t i e s  f o r  the n a t i v e  s t a t e  may 
be, in p a r t ,  f o r t u i t o u s .  The c a l c u l a t i o n  does not take  i n to  account  
long range i n t e r a c t i o n s ,  which a re  undoubtedly  important in the  
d e te r m in a t io n  o f  the conform at ion  o f  the n a t i v e  s t r u c t u r e  f o r  t h i s  
p r o t e i n .  G rea te r  s i g n i f i c a n c e  should be a t tac h ed  to the agreement  
between theory  and exper iment in so f a r  as the h e l i c i t y  in the  
presence o f  dodecyl  s u l f a t e .  S ince the c o n f i g u r a t i o n  p a r t i t i o n  func ­
t i o n  s u c c e s s fu l ly  reproduces the f r a c t i o n  h e l i x  under these c o n d i t i o n s ,  
i t  is reasonable  to e x t r a c t  in fo rm a t io n  from t h i s  p a r t i t i o n  f u n c t i o n ,  
such as the h e l i x  propagat ion  p r o b a b i l i t y  p r o f i l e  { f i g u r e  18) fo r  
t h i s  molecule  in the presence o f  dodecyl  s u l f a t e .  The fo rm a t io n  o f  two 
h e l i c a l  segments c o n t a in in g  as many as t h i r t y  res idues  each is c l e a r l y  
p re d ic te d  by t h i s  c a l c u l a t i o n .  Exper imenta l  c i r c u l a r  d ichro ism shows 
s l i g h t l y  more h e l i c a l  s t r u c t u r e  (33 % versus 2 8  £) is induced when 
the d i s u l f i d e  bond is i n t a c t  than in the presence o f  excess d l t h i o -  
t h e r e i  t o l .
Residues 53- 55,  P r o - G l y - S e r ,  have a h igh p r o b a b i l i t y  f o r  re verse  
tu rn  fo rm a t io n .  ®9,173 Th is  t r i p e p t i d e  is found in a reverse  turn
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in ad e n y la te  k inase ( re s id u e s  1 7 - 1 9 ) .  A s imple  model o f  the  
B subuni t  in dodecyl  s u l f a t e  might be a h e l i c a l  h a i r p i n ,  w i t h  the  
PGS sequence forming a re verse  tu rn  a t  the head o f  the h a i r p i n ,  and
1 0 7
108
F i g u r e  1 8 .  Co mp u t e d  h e l i x  p r o p a g a t i o n  p r o b a i i l i t y  p r o f i l e  
f o r  s u b u n i t  B i n  t h e  p r e s e n c e  o f  d o d e c y l  
s u l f a t e .  L o c a t i o n s  o f  t h e  c y s t e i n y l  r e s i d u e s  
i n v o l v e d  i n  d i s u l f i d e  bond f o r m a t i o n ,  as w e l l
1 2 ci







the d i s u l f i d e  bond c r o s s l i n k i n g  the  ends.  The proposed conformation  
is d ep ic ted  in f i g u r e  19. H e l i x - h e i i x  i n t e r a c t i o n  coui^ OCCur
in such a s t r u c t u r e  along much o f  the length  o f  the h a i r p i n .  Rupture  
o f  the d i s u l f i d e  bond would make a c c e s s ib le  conformations in which 
the h e l ic e s  a re  s u f f i c i e n t l y  remote from one another  t h a t  s t a b i l i z i n g  
h e l i x - h e i i x  i n t e r a c t i o n s  a re  negated.  The h e l i c a l  content  would then  
decrease upon re d u c t io n  o f  the d i s u l f i d e  bond, in harmony wi t h  the  
response o f  the c i r c u l a r  d ichro ism sp ec tra  to  excess d i t h i o t h r e i t o l .
Such a h a i r p i n  conformation may be important  f o r  the b i o l o g i c a l
fu n c t io n  o f  the 8 su b u n i t .  The c e l l u l a r  re c e p to r  f o r  subuni t  B is
g a n g l io s id e  G ^ ,  an a n io n ic  amphipathic  m olecu le ,  in s tu d ies
1 Co
o f  c h o le ra  in c an in e s ,  Carpente r  and coworkers observed t h a t  the
onset  o f  f l u i d  loss through the i n t e s t i n e s  always fo l lo w s  a lag period
o f  severa l  hours.  S t e r i l e  f i l t r a t e s  o f  V i b r i o  cho lera  were u s u a l l y
absorbed by the j e j e u n a l  loops w i t h i n  an hour ,  and f l u i d  s e c r e t io n
s t a r t e d  a f t e r  two hours,  and reached a maximal r a t e  a t  f o u r  hours,
which la s te d  fo u r  to s ix  hours.  A lag per iod  o f  15“ 20 minutes has
been observed in a d e n y la te  c y c lase  a c t i v a t i o n  s tud ies  wi t h  cho lera
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t o x in  in i s o la t e d  t is su e s  and c e l l s .  From f i g u r e  17 i t  can be
seen t h a t  the t ime s ca le  o f  the c onform at iona l  change In dodecyl  
s u l f a t e  is comparable to t h a t  o f  the lag p e r io d .
F u r th e r  study o f  t h i s  con form a t iona l  t r a n s i t i o n  is warranted fo r  
severa l  reasons : ( i )  I t  is an e x e l l e n t  model f o r  a B - s t r u c t u r e  to a -  
h e l i x  t r a n s i t i o n  in a p r o t e i n ,  ( i i )  The molecule  c o n s t i t u t e s  a la rg e  
macrocycle ,  c losed by a d i s u l f i d e  bond, which prov ides  f o r  h e l i x - h e i i x  
i n t e r a c t i o n ,  ( i i i )  The conform at iona l  change may be r e l a t e d  to the  
means by which subuni t  B f a c i l i t a t e s  the p e n e t r a t io n  o f  subuni t  A in to
F i g u r e  19
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A d e p i c t i o n  o f  t h e  p r o p o s e d  h e l i c a l  h a i r p i n
s t r u c t u r e  f o r  t h e  s u b u n i t  B i n  t h e  p r e s e n c e
I 2 9o f  s o d i u m  d o d e c y l  s u l f a t e .
1 1 2
PGS
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the cel  1 .
PART TWO
S TUD I ES  ON S YNTHETI C RANDOM COPOLYPEPTI OES
1
CHAPTER 5
HELIX I NI TI ATI ON AND PROPAGATION BY 
HYDRQXYETHYL-L-GLUTAMINYL RESIDUES IN WATER
1 1 5
INTRODUCTION
The s e r ie s  o f  homopolypeptides based on N®-(w-hyroxyal  k y l ) - L -  
glu tamine  has been s tud ied  e x t e n s i v e l y .  The th re e  most prominent  
members o f  t h i s  s e r ie s  a r e  the p o ly ( h y d r o x y a lk y 1 ) -L -g lu ta m in e s  wi t h  
a lk y l  ■ e t h y l ,  p ro p y l ,  and b u t y l .  These th re e  water  s o lu b le  nonionic  
homopolypeptides e x h i b i t  a range o f  conformat iona l  p r o p e r t i e s .  The 
hydrodynamic ^76 and o p t i c a l  p r o p e r t i e s  o f  p o ly (h y d ro x y -
e t h y 1 ) - L -g lu tam ine  in water  a re  those expected f o r  a d is o rd ere d  
homopolypeptide bear ing  a -Cf^R s id e c h a in .  In c o n t r a s t ,  near 0°C in 
water  p o ly ( h y d r o x y b u t y l ) - L - g Iu t a m in e  is n e a r ly  c om ple te ly  h e l i c a l  and 
po ly (h yd ro xy p ro p y1 ) - L - g 1utamine is p a r t i a l l y  h e l i c a l .  3 3 , 1 0 8 , 1 3 3 . 1 79"80  
The h e l i c a l  content o f  these two polymers is reduced by an e l e v a t i o n  
in tem perature .  The h e l i c i t y  o f  a l l  th re e  p o l y ( h y d r o x y a l k y l ) —L - g 1u t a -  
mines can a l so  be m od i f ied  by changing the s o lv e n t  com posi t ion .  Both 
inorgan ic  s a l t s  ^ 8 , 1  33 , l 8 l an(j o rg a n ic  cosol vents  * *77 * * 7 9 , *  • * ®^-7
a re  e f f e c t i v e  in t h i s  re gard .
28The Zimm-Bragg h e l i x - c o i l  s t a b i l i t y  c o n s ta n ts ,  a and s ,  fo r  
the hydroxypropy1- L - g lu t a m in y l  3 3 ,1 7 9 ,1 8 0  anj  h y d ro x y b u t y l -L - g lu t a m -  
iny l  33 residues in water  have been determined from s tu d ie s  o f  the  
homopolypeptides and a ls o  v ia  the host guest techn ique .  In t h i s  chapter  
the d e te rm in a t io n  o f  o and s f o r  the h y d r o x y e th y l -L -g lu ta m in y l  
res idue  in water  is d e s c r ib e d .  They were determined using the host  
guest techn ique ,  w i t h  h y d r o x y b u t y l -L - g lu t a m in y l  res idues  p la y in g  the  
r o l e  o f  host .  When the values determined in t h i s  chapter  a r e  examined 
in c o n ju n c t io n  w i t h  the p r e v io u s ly  determined o and s va lues  f o r
1 1 6
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hydroxypropy 1- L - g l  utami nyl 33 ane| hydroxybuty 1 - L - g lu ta m in y l  33 
re s id u e s ,  then the r e s u l t s  p rov ide  in s ig h t  in to  the conformat iona l  
consequences o f  the a d d i t i o n  o f  methylene groups to the p e r ip h e ry  o f  
an amino a c id  res idue  s id e c h a in .
EXPERIMENTAL
Copolypeptides  were prepared by Dr. E r i n  R. Hawkins by a m ino ly s is  
o f  p o ly ( Y - b e n z y l - L - g I u t a m a t e )  w i t h  a m ix tu re  o f  hydroxyethanolamlne  
and hydroxybutanolamine . React ion c o n d i t io n s  were a s l i g h t  m o d i f i c a ­
t i o n  o f  the procedure by which p o l y ( h y d r o x y b u t y l - L - g lu t a m ln e )  was p re ­
pared from p o l y { > - b e n z y l - L - g l u t a m a t e ) . Compositions were d e t e r ­
mined from a q u a n t i t a t i v e  n in h y d r in  a n a ly s is  o f  the h y d r o ly s a t e ,  using 
an amino ac id  a n a l y z e r ,  and a ls o  from proton n u c lea r  magnetic resonance 
s p e c t r a .  S i m i l a r  r e s u l t s  were ob ta in ed  by both methods. The hydroxy-  
eth ano lam ine /h ydroxybutano lam ine  r a t i o  in the h y d ro ly s a te  was found to 
be s i g n i f i c a n t l y  h igher  than t h a t  in the re a c t io n  m ix tu re  used to 
prepare  the copolymers.
C i r c u l a r  d ichro ism  measurements were conducted on s o lu t io n s  p r e p a r ­
ed by d i l u t i o n  o f  a s tock  s o l u t i o n  wi t h  d i s t i l l e d  d e io n iz e d  w a t e r .  
C i r c u l a r  d ichro ism measurements were made w i th  a Durrum-Jasco J -20  
record ing  s p e c t r o p o la r im e t e r  c a l i b r a t e d  w i t h  d -1 0  camphorsul fonic  ac id  
in w a t e r .  ^  Measurements were made using fused q u a r tz  c e l l s  w i t h  a 
p a th le n g th  o f  10 mm. Cel l  temperature  was m a in ta ined  w i t h  a c i r c u l a t ­
ing w ater  bath connected to  a brass w ate r  j a c k e t  surrounding the c e l l .  
Sample temperatu re  was determined w i t h  a Ye l low  Springs Instruments  
model Y2Sc te le therm om eter  be fore  and a f t e r  each spectrum was recorded.  
S o lu t io n  c o n c e n t ra t io n s  were determined from a m ic r o - K je ld a h l  a n a ly s is  
o f  the stock s o l u t i o n s .
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CALCULATIONS
C a lc u la t io n s  were c a r r i e d  out using a sample o f  random copolypep­
t i d e  chains  generated w i t h  the a id  o f  a pseudo random number g e n e ra to r .  
I t  is  assumed t h a t  the conform at iona l  p r o p e r t i e s  o f  the chains are  
dominated by neares t  neighbor  i n t e r a c t i o n s ,  the p o ly m e r iz a t io n  process 
r e s u l t s  in t r u l y  random c o p o ly p e p t id e s ,  and end e f f e c t s  a re  t re a te d  
s u f f i c i e n t l y  using the 2 x 2  s t a t i s t i c a l  weight m a t r i x .
The s t a t i s t i c a l  weight  m a t r i x  f o r  amino ac id  res idue  I is ;
where rows index the s t a t e  o f  re s idue  i - 1 ,  columns index the s t a t e  o f  
amino ac id  res idue  i ,  and the o rd e r  o f  indexing is c ,  h. An amino ac id
res idue  whose conformation  is t h a t  found in the alpha  h e l i x  is in s t a t e
h,  and a l l  o th e r  conformations a r e  descr ibed by s t a t e  c .  The s t a t i s t i ­
cal  weight fo r  p ropagat ion  o f  a h e l i c a l  segment is s, and the s t a t i s ­
t i c a l  weight f o r  i n i t i a t i o n  o f  a h e l i c a l  segment is os.  I f  th e re  is 
compensation between long range in t r a m o le c u la r  in t e r a c t i o n s  and s o l -  
vent -macromolecule  i n t e r a c t i o n s ,  the c o n f i g u r a t i o n  p a r t i t i o n  f u n c t i o n ,  
Z, f o r  a p a r t i a l l y  h e l i c a l  c o p o lyp ep t id e  c o n ta in in g  n amino a c id  
residues is ;
2 -  J *  y 1 u2 . . .  un J (86)
where J *  is r o w ( l , 0 )  and J is c o t ( 1 , 1 ) .  The f r a c t i o n  h e l i x ,  f h ,  is
ob ta in ed  as ;
c s ( 8 5 )
1 1 9
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f h -  n_1 Z " 1 J *  0 2 . . .  Un J (8 7 )




where ze ro  denotes a n u l l  m a t r i x  and U* Is ob ta in ed  by ze ro in g  a l l
elements in the f i r s t  column o f  U j .
Throughout the 19b0's  severa l  workers developed methods which could
be used to  approximate  the h e i i x - c o i l  s t a b i l i t y  constants  in water
from the p e r t i n e n t  m e l t in g  cu rve s .  Two h ig h ly  v i s i b l e  examples were
those developed by L i fs o n  and A l l e g r a .  These two models were
c o m b i n e d  a n d  m o d i f i e d  b y  P o l a n d  a n d  S c h e r a g a  t o  f o r m  t h e  L i f s o n -
A l le g ra -P o la n d -S c h e ra g a  o r  "LAPS1' h ie ra r c h y  o f  approx im at ions .  ^
This is the c a l c u l a t i o n a l  technique  which has been used q u i t e
s u c c e s s fu l l y  by Scheraga and his  coworkers as descr ibed  In the i n t r o -  
35-51d u c t io n .  These methods were developed as approximations which
al lowed the d e te r m in a t io n  o f  crand s f o r  a given re s idue  w i t h i n  the  
severe  l i m i t a t i o n s  o f  the computa tiona l  c a p a b i l i t i e s  o f  the computers 
in use a t  the t im e .  The e x p l i c i t  c a l c u l a t i o n  as o u t l i n e d  above Is no 
longer e x h o r b i t a n t  in re q u i re d  computer t ime and was t h e r e f o r e  used 
as descr ibed  below.
Th is  c a l c u l a t i o n  was c a r r i e d  ou t  e x p l i c i t l y  f o r  the random 
co p o lyp ep t id es  as f o l l o w s .  A sequence o f  random numbers, each between 
zero  and one,  was g e n e ra te d .  I f  the number was less  than or equal  to 






t i d e ,  the res idue  in quest ion  was designated as hydroxye thy1-L - g lu t a m -  
I n y ) .  Otherwise the res idue  was h y d r o x y b u t y l - L - g lu t a m i n y l . A va lu e  fo r  
n o f  300 was used as t h i s  gave a good approx im at ion  to a chain  o f  
i n f i n i t e  m o lecu la r  weight  w i th o u t  using e x h o r b i t a n t  amounts o f  c e n t r a l  
processing u n i t  (CPU) t ime.  The h e l i c a l  content  o f  t h i s  cha in  was then  
c a lc u l a t e d  from equat ion  87.  The de s i re d  h e l i c a l  con te n t  is the  average  
o f  such values over an i n f i n i t e l y  l a rg e  sample o f  random copolypep­
t i d e s .  For p re sent  purposes t h i s  h e l i c a l  c ontent  was approximated as 
the average  o f  values  obta ined  from f i v e  s e t s ,  each c o n ta in in g  100 
independently  grown c h a in s .  This  sample s i z e  was deemed s u f f i c i e n t l y  
l a rg e  because th e re  was good agreement on the averages deduced from 
the f i v e  s e ts .
V a l u e s  o f  o a n d  s  f o r  h y d r o x y b u t y l - L - g l u t a m i n y l  r e s i d u e s  w e r e  
t a k e n  f r o m  v o n  D r e e t e  e t  a l . ^  T h o s e  f o r  h y d r o x y e t h y l - L - g l u t a m i n y !  
r e s i d u e s  w e r e  o b t a i n e d  f r o m  t h e  b e s t  f i t  t o  t h e  e x p e r i m e n t a l l y  d e t e r ­
m i n e d  v a l u e s  o f  f^, f o r  t h e  c o p o l y p e p t i d e s  s t u d i e d .
RESULTS
Figure  20 d e p ic t s  as a f u n c t io n  o f  h y d ro x y b u t y l -L - g lu t a m in y l  
composit ion a t  severa l  tem peratu res .  The p o in ts  a re  from exp er im en t ,  
and the l i n e s  a re  the f i t  ob ta in ed  from the t h e o ry .  Copolypeptides  
whose composit ions a re  37 % and 39 % h y d ro x y b u t y l -L - g lu t a m f n y l  g iv e  
d is c o rd a n t  r e s u l t s ,  p a r t i c u l a r l y  a t  lower tem peratu res .  The anomaly 
appears to re s id e  in the copolymer which is 37 % h y d r o x y b u t y l - L - g lu t -  
aminyl  because the 39 % h y d r o x y b u t y l -L - g lu t a m in y l  c opo lype pt ide  g ives  
r e s u l t s  which f a l l  on the trend e s t a b l i s h e d  by the o th e r  copolypep­
t id e s  and the two homopolypeptides.  For t h i s  reason the 37 % hydroxy­
b u t y l - L - g lu t a m i n y l  c o p o lyp e p t id e  was ignored in the a n a l y s is .
F igure  21 d e p ic t s  the temperature  dependence o f  the va lues  o f  s 
deduced f o r  the h y d ro x y e t h y l - L - g lu t a m in y l  res idue  when o f o r  t h i s  
res idue  is taken to be 1 x 10‘ 5. The r e l a t i v e  e r r o r  in s f o r  the  
h y d r o x y e th y l -L -g lu ta m in y l  res idue  is l a r g e s t  a t  the h ig h e s t  temperature  
because the copo lypept ides  have low h e l i c a l  c ontents  under these  
c o n d i t i o n s .  The r e l a t i v e  e r r o r  a t  25°C is  in d ic a te d  in f i g u r e  21.
Values o f  s f o r  the hydroxypropy1- L - g Iu t a m i n y l  and h y d r o x y b u t y l -L -  
g lu ta m in y l  re s id u e s ,  o b ta in e d  from von D ree le  e t  a l , ^  a r e  a lso  
shown f o r  comparison in f i g u r e  21.  The va lues  o f  s f o r  these residues  
are  l a r g e r  than those f o r  h y d r o x y e t h y l - L - g l u t a m i n y l , as expected .  In 
a l l  th re e  cases s decreases as tem perature  in c re a se s .  Whi le  the temp­
e r a t u r e  e f f e c t  is s m a l le s t  w i t h  h y d r o x y e t h y l - L - g l u t a m i n y l , the form 
o f  the t h e rm a l ly  induced change is s i m i l a r  f o r  the th re e  h y d r o x y a lk y l -  
L -g lu ta m in y l  re s id u e s .  The s f o r  the L -g lu tam in y l  r e s id u e ,  from Denton 
e t  a l . ,  a ls o  decreases w i t h  an increase  in te m p e ra tu re ,  but the
1 2 2
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F i g u r e  2 0 .  E x p e r i m e n t a l l y  d e t e r m i n e d  f  as a f u n c t i o n  o f  
h y d r o x y b u t y l - L - g l u t a m i n y l  c o m p o s i t i o n  a t  
t e m p e r a t u r e s  o f  k ( • ) ,  25 ( A ) ,  34 ( ▼) ,  ( ■ ) ,
56  ( ♦ )  , and 6^ ( + )  0 C . S o l i d  l i n e s  a r e  c a l c u ­






F ra c t io n  H y d r o x y b u ty l - L 'g lu ta m in y l  R e s ld u o *
125
F i g u r e  2 1 .  The  p a r a m e t e r  s as  a f u n c t i o n  o f  t e m p e r a t u r e
f o r  h y d r o x y e t h y I - L - g 1 u t a m i n y 1 ( A ) ,  h y d r o x y p r o ­
py 1 -  L - g  1 u tam i ny I ( B ) ,  h y d r o x y b u t y l - L - g l u t a m i n y l
( C ) ,  and L - g l u t a m i n y l  r e s i d u e s .  C u r v e s  B and C
33a r e  f r o m  v o n  D r e e l e  e t  a 1 . t an d  c u r v e  D i s
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form o f  the temperatu re  dependence is r a t h e r  d i f f e r e n t  from t h a t  seen 
w i t h  the h y d r o x y a l k y l - L - g l u t a m i n y 1 re s id u e s .  S p e c i f i c a l l y ,  d^s/dT^ is  
s t r o n g ly  n e g a t iv e  a t  the tower end o f  the temperatu re  range f o r  L-  
g l u t a m i n y l ,  w h i le  i t  is zero  or even s l i g h t l y  p o s i t i v e  f o r  the hydroxy­
a l  kyl  - L - g l  utami nyl r e s id u e s .
DISCUSSION
The a b i l i t y  to t h e o r e t i c a l l y  d e sc r ib e  the e x p e r im e n t a l l y  determined  
f^  f o r  the copo lypept ides  is on ly  weakly  dependent upon the va lue  
assigned to  o f o r  the h y d r o x y e th y l -L -g lu ta m in y l  re s id u e .  Results  pre ­
sented here were ob ta in e d  by using a « 1 x 10"5,  I n s e n s i t i v i t y  o f  the  
c a l c u l a t i o n  to o f o r  the h y d r o x y e th y l -L -g lu ta m ln y l  res idue  can be 
a t t r i b u t e d  to the f a c t  t h a t  i t  is much s m a l le r  than the v a lu e  o f  a fo r  
the host r e s id u e ,  h y d r o x y b u t y l -L - g lu t a m in y l  ( t a b l e  3 ) .  N e a r ly  a l l  
h e l i x  i n i t i a t i o n  occurs a t  h y d r o x y b u t y l -L - g lu t a m in y l  re s id u e s ,  causing  
the v a lue  assigned t o o  f o r  the h y d r o x y e th y l -L -g lu ta m ln y l  re s idue  to  
be o f  l i t t l e  consequence so long as i t  Is sm al l .
The va lue  o f  o f o r  the h y d r o x y e th y l -L -g Iu ta m in y l  res idue  is much
sm al le r  than the va lue  o f  ( 1 . 5 - i * .^ )  x 10~^ est im a te d  in w a te r - 2 - p r o p a n -
al m ix tu re s ,  *^3 I t  Is a ls o  s m a l le r  than the o found by von D ree le  e t
a l . f o r  hydroxypropy1-L g lu t a m in y l  and h y d r o x y b u t y l -L - g lu t a m in y l
res idues  in w a t e r ,  ( t a b l e  3 ) -  However, i t  fo l lo w s  q u a l i t a t i v e l y  the
trend e s t a b l i s h e d  by the o th e r  two res idues  o f  the s e r i e s .  In t h i s
s e r ie s  h e l i x  fo rm at ion  becomes less  c o o p e ra t iv e  as methylene groups
are  added to the p e r ip h e ry  o f  the s id e c h a in .  The L -g lu ta m in y l  res idue
192has a much l a r g e r  a ,  and consequently  does not behave as a member
o f  the h y d r o x y a l k y l - L - g l u t a m i n y l  s e r i e s .
F igure  22 demonstrates t h a t  In s is a l i n e a r  f u n c t io n  o f  1/ T , s i g ­
n i f y i n g  t h a t  AH f o r  h e l i x  p ropaga t ion  is  Independent o f  temperatu re  
over  the range covered.  Thermodynamic parameters f o r  h e l i x  propagat ion  
a t  20°C a re  c o l l e c t e d  in t a b l e  3 along w i t h  the va lues  ob ta in e d  by 
Scheraga and coworkers.  33 ,1 92  f Qr t ^e hydr0Xypr 0 p y i - L - g l u t a m i n y l ,
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T A B L E  3
P a r a m e t e r s  f o r  Random C o i l  t o  H e l i x  T r a n s i t i o n  in  W a t e r  a t  2 0 ° C
P a r a m e t e r  L - g l u t a m i n y l ' 92  " l ^ r o x y e t h y I  -  H y d r o x y p r o p y I -  H y d r o x y b u t y l
L - g l u t a m i n y )  L - g l u t a m i n y l  L - g l u t a m i n y l 33
3 . 3  x 1 0 - 3  1 x 1 0 ‘ 5 2 . 2  x 10 ‘ *  6 . 7  x 1 0 * *
AH, c a l  m o l ' 1 - 4 9 3  - 1 2 7  - 1 6 8  - 1 9 5
AG, c a l  m o l ' 1 13 35  13 - 1 1
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h y d r o x y b u t y l - L - g lu t a m i n y l ,  and L -g lu tam in y l  re s id u e s .  In the hydroxy­
a l  k y l - L - g l u t a m i n y 1 s e r i e s ,  AH becomes more n e g a t iv e  by about  
35 cal  mol  ̂ w i th  the a d d i t i o n  o f  a methylene group, w h i le  AG a t  20°C 
becomes more n e g a t iv e  by about 25 cal  mol- ^. The thermodynamics o f  
h e l i x  propagat ion  f o r  the L -g lu ta m in y l  re s idue  is very  d i f f e r e n t  from 
t h a t  expected f o r  a h y p o th e t ic a l  h y d r o x y a lk y l - L - g lu t a m in y I  res idue  in 
which the " a l k y l "  group c o n ta in s  no methylene u n i t s .
Conformational  energy c a l c u l a t i o n s  have been performed f o r  the  
h y d r o x y e t h y l - L - g lu t a m in y 1 res idue  in o rd e r  to determine  the p r e f e r re d  
c onform at ions .  ^ 3  j ^ e  s id ec h a in  was found to  p a r t i c i p a t e  in i n t r a ­
res idue  hydrogen bond fo rm a t io n  between the u i -hydroxyethy l  group and 
the carbonyl group in the p e p t id e  backbone. This  hydrogen bond can be 
formed w i th o u t  a p p r e c ia b le  a l t e r a t i o n  in the average dimensions o f  the  
c h a in .  When the c h a r a c t e r i s t i c  r a t i o  is c a l c u l a t e d  in c lu d in g  the  
consequences o f  t h i s  i n t e r a c t i o n ,  ^-*3 i t  remains in agreement w i th  
the exper im enta l  r e s u l t .  ^ 6  Thus the average dimensions do not  
provide  a s e n s i t i v e  te s t  fo r  the importance o f  i n t r a r e s i d u e  hydrogen 
bond fo rm a t ion  by t h i s  res idue  in  w a t e r .
Formation o f  an i n t r a r e s i d u e  hydrogen bond invoving the carbonyl  
group in the backbone would d iscourage  h e l i x  fo r m a t io n .  I f  t h i s  i n t r a ­
res idue  hydrogen bond were r e l a t i v e l y  in a c c e s s ib le  to h igher  hydroxy-  
a l k y l - L - g l u t a m i n y l  re s id u e s ,  h e l i x  fo rm a t io n  by h y d r o x y e th y l -L -g lu ta m -  
I n y 1 might be expected to be more d i f f i c u l t  than t h a t  p re d ic te d  from 
the observed behav ior  o f  h y d ro x y p ro p y I -L -g lu ta m in y l  and h y d ro x y b u ty l -  
L -g lu ta m in y l  re s id u e s .  Results  re p o r ted  in f i g u r e  21 and t a b l e  3 show 
t h a t  th e re  a re  no anomalies  in the behav ior  o f  s f o r  the h y d r o x y e th y l -  
L -g lu tam in y l  re s id u e .  The i n t r a m o le c u la r  hydrogen bonded conformations
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p re d ic te d  f o r  the h y d r o x y e th y l -L -g lu ta m in y l  may be o f  l i t t l e  conse­
quence when they must compete w i t h  a hydrogen bonding so lven t  such as 
w a t e r .
CHAP T E R 6




One needs on ly  to examine the s t r u c t u r e  o f  any p r o t e i n  or n u c le ic  
ac id  molecule  to see a t  once the importance o f  e l e c t r o s t a t i c  i n t e r a c ­
t io n s  in so f a r  as the conform at iona l  p r o p e r t i e s  o f  these molecules  
are  concerned. This  c hapter  deals  w i th  the t rea tm ent  o f  e l e c t r o s t a t i c  
i n t e r a c t i o n s  in p o ly p e p t id e s .  The purpose o f  t h i s  c h ap ter  is to t r y  
to  extend the t rea tm ent  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  from the a n io n ic  
homopolypeptide p o l y - L - g l u t a m i c  a c id  to random copo lypept ides  c o n t a i n ­
ing e i t h e r  L - a la n y l  or L - t y r o s y l  res id u e s .
Several  groups have presented both exper im enta l  and t h e o r e t i c a l  
s tu d ie s  concerned w i th  the pH induced h e l i x - c o i l  t r a n s i t i o n  in p o ly - L -
g lu ta m ic  a c i d .  Among these a r e  Wada Nagasawa and H o l t z e r  ,
1 97 198Olander and H o l t z e r ,  Warashina and Ikegama, and Sant iago e t
a l .  The l a t t e r  two used the Zimm-Rice theory  o f  the h e l i x -
c o i l  t r a n s i t i o n  in charged homopolypeptides to  r a t i o n a l i z e  the c o n f o r ­
mational  p r o p e r t i e s  and p o t e n t i o m e t r i c  t i t r a t i o n  data  f o r  p o ly - L -
g lu tam ic  a c i d .  Before d iscu ss in g  t h i s  t r e a t m e n t ,  a rev iew  o f  the
201basics o f  p o l y e l e c t r o l y t e s  is in o r d e r .
Several  f a c t o r s  determine  the pH o f  a p o l y e l e c t r o l y t e  s o l u t i o n .
The i o n i z a t i o n  o f  one p a r t i c u l a r  carboxyl  group on a t o t a l l y  uncharged 
polymer chain  is represented  by
PH N PH H  + H+ (89)
The mixed a c i d i t y  c onstant  f o r  the above r e a c t i o n  is
135
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Kq ■ a^ (c o n c e n t ra t io n  o f  polymer w i th  chosen carboxyl  ion ized)
( c o n c e n t r a t io n  o f  PH N)
where PH denotes the c om ple te ly  un ion ized  p o l y e l e c t r o l y t e  molecu le ,
M
w h i le  PH represents  a p o l y e l e c t r o l y t e  molecule  w i t h  the chosen 
N“ 1
carboxyl  group io n iz e d .
There is a fundamental d i f f e r e n c e  between t h i s  f i r s t  i o n i z a t i o n  and 
those which f o l l o w .  In o rd e r  to  remove subsequent protons not on ly  
must the carboxyl  group o f  i n t e r e s t  be io n iz e d ,  but the proton has to  
be removed from the e l e c t r o s t a t i c  p o t e n t i a l  o f  the o th e r  charged  
groups on the p o l y e l e c t r o l y t e  m olecu le .  This means t h a t  each suceeding  
i o n i z a t i o n  becomes p r o g r e s s iv e ly  more d i f f i c u l t  than the preceding one.  
There is a ls o  a s t a t i s t i c a l  c o n t r i b u t i o n  to  the entropy  change o f  each 
i o n i z a t i o n ,  in c lu d in g  the f i r s t  one.  For a polymer a t  a g iven s t a t e  
o f  charge ,  th e re  is a change in the number o f  ways in which the  
charges can be arranged which accompanies each i o n i z a t i o n .  This e f f e c t  
must be included a l though t h is  is the o n ly  d i s t i n c t i o n  which can be 
made between molecules o f  the same degree o f  i o n i z a t i o n .  When these  
f a c t s  a r e  taken i n to  c o n s i d e r a t i o n ,  the pH o f  a p o l y e l e c t r o l y t e  
s o lu t io n  can be expressed as
pH -  p l^  -  log {(1 - a ) /  a } + ( 1 / 2 . 3 0 3  RT) (9Gion/ 3 a) (91)
where R is the gas c o n s t a n t ,  and T is the a b s o lu te  tem peratu re .
The f i r s t  term on the r i g h t  hand s id e  o f  equat ion  91 Is  an i n t r i n s i c  
c o n t r i b u t i o n  to every  i o n i z a t i o n .  The second term represe nts  the  
entropy  o f  each i o n i z a t i o n  which is r e la t e d  to  the increase  in the  
number o f  ways the charges can be d i s t r i b u t e d  upon each i o n i z a t i o n .
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In the t h i r d  te rm,  dGjon is the change in e l e c t r o s t a t i c  and c o n fo r ­
mational  f r e e  energy which accompanies a change, 3 a ,  in the degree o f  
i o n i z a t i o n .  The l a s t  term inc ludes both the e l e c t r o s t a t i c  work o f  
removing a proton from the p o t e n t i a l  o f  the p o ly io n ,  and the f r e e  
energy change a s s o c ia te d  w i t h  any conformat iona l  change which accom­
panies the i o n i z a t i o n .  I f  one is d e a l in g  w i t h  a n o n r ig id  p o l y e l e c t r o ­
l y t e ,  t h a t  is one which undergoes a conform at iona l  change upon io n i z a ­
t i o n ,  then the f r e e  energy change ass o c ia te d  w i th  t h a t  conformat iona l  
change is inc luded in the l a s t  term.
From these c o n s id e ra t io n s  i t  is easy to see how the p o te n t io m e t r i c  
t i t r a t i o n  o f  such n o n r ig id  p o l y e l e c t r o l y t e s  considered in c o n ju n c t io n  
w i th  the c o n fo rm a t io n a 1 p r o p e r t i e s ,  from c i r c u l a r  d ic h ro is m  as a func­
t io n  o f  pH, can y i e l d  much v a lu a b le  in fo r m a t io n .  C o n s id e ra t io n  w i l l  
now be g iven  to how such data  can be used to  y i e l d  such in fo r m a t io n .  
The l e a s t  complex o f  the two is the pH induced change in the c i r c u l a r  
d ic hro ism .  When the molecules a re  f u l l y  Io n i z e d ,  the c i r c u l a r  d ic h r o ­
ism o f  these molecules e x h i b i t  the fe a tu r e s  o f  a random c o i l  polypep­
t i d e ,  and as the pH is lowered they undergo d r a s t i c  changes to almost  
com ple te ly  a lpha  h e l i c a l  m olecu les .  Th is  change occurs over  a r e l a ­
t i v e l y  narrow range o f  pH, which is c o n s is t e n t  w i t h  the no t io n  th a t  
the process is c o o p e ra t i v e  in n a t u r e .  The usual  manner o f  d is p la y in g  
the c i r c u l a r  d ic hro ism  data  is s imply  the f r a c t i o n  o f  the residues  
which a r e  in a h e l i c a l  s t a t e  versus pH. On the o th e r  hand, the usual 
way o f  p l o t t i n g  the p o t e n t t o m e t r ic  t i t r a t i o n  data  is pH - { log a / ( 1 - u ) } 
versus An example o f  such a p l o t ,  which w i l l  h e n c e fo r th  be r e f e r r e d  
to as the t i t r a t i o n  c u rve ,  is d e p ic te d  In f i g u r e  23- When the molecule  
is un ion ized  i t  is s imply  a r o d ! i k e  a lpha  h e l i c a l  m o lecu le ,  but when
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F i g u r e  23 A t y p i c a l  t i t r a t i o n  c u r v e  o f  a p o 1y e 1e c t r o 1y t e  
w h i c h  u n d e r g o e s  a c o n f o r m a t i o n a l  c h a n g e  b e t w e e n  












a *  the com ple te ly  o r  n e a r ly  complete ly  ordered molecule  is n o t i c e ­
a b ly  changed to a m ix tu re  o f  ordered  and d iso rd ere d  s t r u c t u r e ,  and 
when ct ■ the molecule  no longer  co n ta in s  any d e t e c t a b l e  ordered  
s t r u c t u r e .  Hence two t i t r a t i o n s  a re  a c t u a l l y  d e p ic ted  in the f i g u r e  : 
the t i t r a t i o n  o f  the a lpha  h e l i c a l  molecule  and the t i t r a t i o n  o f  the  
random c o i l .  Whi le  the s o l i d  l i n e  in f i g u r e  2}  represents  an example 
o f  an a c tu a l  t i t r a t i o n  c u rve ,  the dashed l in e s  re p res e n t  the t i t r a t i o n  
curves which would be ob ta in ed  i f  e i t h e r  conform at ion  was predominate  
throughout the t i t r a t i o n .  The a rea  between the t i t r a t i o n  curve  and the  
e x t r a p o l a t e d  " c o i l 11 t i t r a t i o n  is r e la t e d  to  the f r e e  energy o f  the
conform at iona l  change. One e x c e l l e n t  study in t h i s  p a r t i c u l a r  area is
202t h a t  o f  D. Olander f o r  p o l y - L - g l u t a m i c  a c i d .  Such c o n s id e ra t io n s
w i l l  on ly  be discussed here  in q u a l i t a t i v e  terms f o r  reasons which w i l l
become apparent  l a t e r  in t h i s  c h a p t e r .
The f i r s t  a t te m p t  a t  a t rea tm ent  f o r  t h i s  phenomenon using
s t a t i s t i c a l  mechanical  p r i n c i p l e s  s i m i l a r  to those o u t l i n e d  in the
i n t r o d u c t io n  to t h i s  d i s s e r t a t i o n  was by B. H. Zimm and S. A. Rice.^®^
When o n ly  n e are s t  ne ighbors a re  c o n s id e red ,  the s t a t i s t i c a l  weight
m a t r i x  is a manageable s i z e  H  x A ) . Zimm and Rice presented a method
a p p l i c a b l e  to homopolymers f o r  a " p s e u d o d ia g o n a I i z a t io n "  o f  the
s t a t i s t i c a l  weight m a t r i x  f o r  approx im at ing  the l a r g e s t  e ig en v a lu e  o f
the m a t r i x ,  which can then be used to  determine any p e r t i n e n t  paramet-
1 98e r s .  This method was used by Warashina and Ikegama, and l a t e r  by
Sant iago e t  a l . to r a t i o n a l i z e  the t i t r a t i o n  and c i r c u l a r  d ichro ism
data f o r  p o ly - L - g lu t a m ic  a c i d .  This  work serves as the fo undat ion  f o r  
the work presented h e re ,  as they used the pseudodiagonal I z a t i o n  
procedure as a s t a r t i n g  p o i n t ,  and r e f i n e d  t h e i r  va lues  by performing
i k \
the in d ic a te d  m a t r i x  c a l c u l a t i o n s  e x p l i c i t l y .
Several  o th e r  groups have performed exper iments  s i m i l a r  to those  
presented here f o r  s i m i l a r  molecules.  However, a q u a n t i t a t i v e  r a t i o n ­
a l i z a t i o n  o f  such data  has not been for thcoming.  Th is  is at tempted  
here by extend ing  the Zimm-Rice theory  to random c o po lypept ides  which 
c o n ta in  L -g lu tamyl  re s id u e s ,  and residues which do not io n iz e  in the  
range o f  i n t e r e s t ;  L -a la n y l  and L - t y r o s y l . The da ta  is r a t i o n a l i z e d  
w i t h i n  the c onf ines  o f  the Zimm-Rice theory  ta k in g  in to  c o n s id e r a t io n  
f a c t o r s  which a re  fundamental to the chem is try  and physics o f  p o ly ­
e l e c t r o l y t e s .
EXPERIMENTAL
Random copo lypept ides  w i t h  the f o l lo w in g  res idue  molar composit ions  
were purchased from M i le s -Y e d a ,  L td .  : L -g lu tam ic  a c i d : L - a l a n i n e  
(6 5 :3 5 )  and L -g lu ta m ic  a c i d : L - t y r o s i n e  ( $ 0 : 1 0 ) .  Sodium c h l o r id e  and 
sodium hydroxide were from Baker Chemicals.
C i r c u l a r  d ichro ism measurements were made on s o lu t io n s  o f  copolypep­
t id e s  made by d i l u t i o n  o f  s tock  s o lu t io n s  w i th  d i s t i l l e d  d e ion ized  
water  and the a p p r o p r ia t e  amount o f  sodium c h l o r id e  to g iv e  a f i n a l  
co n c e n t ra t io n  o f  0.1 M. Measurements were made w i th  a Durrum-Jasco J-20  
record ing  s p e c t r o p o la r im e t e r .  Fused q u a r tz  c e l l s  w i th  a p a th le n g th  o f  
10 mm. were used. Measurements were made a t  9 ° ,  2 2 ° ,  and 36°C.
P o te n t io m e t r i c  t i t r a t i o n s  were c a r r i e d  out w i th  copolymer s o lu t io n s  
w i th  a c o n c e n t r a t io n  o f  1-3 mg/ml in 0 .1  M NaCt. The s o l u t i o n  was 
placed in a j a c k e te d  v e s s e l ,  which was kept a t  constant temperature  
by c i r c u l a t i n g  water  from a constant temperatu re  water  ba th ,  and a 
stream o f  n i t ro g e n  was passed over  the s o lu t io n  to e l i m i n a t e  p o t e n t i a l  
i n t e r f e r e n c e  from carbon d io x id e .  Measurements o f  pH were made w i t h  a 
Beckman 3500 d i g i t a l  pH meter  equipped w i th  a combinat ion e le c t r o d e .  
Burets  w i t h  a t o t a l  d ischarge  volume o f  5 nil were used.
Each s o lu t io n  was t i t r a t e d  w i t h  0.1 M HCl prepared from a 1 .0  M 
standard .  S o lu t io n s  were back t i t r a t e d  w i th  0.1 M NaOH prepared  
from a s a t u r a t e d  s o lu t io n  the same day.  F u r th e r  use o f  the  r e s u l t s  
were made o n ly  when agreement between the two t i t r a t i o n s  was good.  
N e g l i g i b l e  c o n t r i b u t i o n s  were found by s o lv e n t  from blank  t i t r a t i o n s .
CALCULATIONS
The t h e o r e t i c a l  a n a ly s is  o f  the p o t e n t io m e t r i c  t i t r a t i o n  and c i r c u ­
l a r  d ic hro is m  da ta  is acheived using a m a t r i x  fo r m u la t io n  which is 
based on the Zimm-Rice t h e o ry .  The t re a tm ent  here is r e s t r i c t e d  to
ne are s t  n e ighbors ,  and s h a l l  hence r e q u i r e  a 4 x 4 s t a t i s t i c a l  weight
199m a t r i x .  The m a t r i x  is i d e n t i c a l  to t h a t  o f  Sant iago e t  a l .
For io n ic  homopolypeptides o f  i n f i n i t e  molecu la r  w e ig h t ,  an a p p r o x i ­
mation to the l a r g e s t  e ig e n v a lu e  o f  the m a t r i x  is r e a d i l y  o b t a i n a b le .  
The r e s u l t i n g  expression  can then be used to o b t a i n  values f o r  the four  
re q u i re d  parameters  fo r  the i n t e r a c t i o n  o f  ne ighbor ing charged residues
ucc» uch* uhc > anc* uhh' Th is  approximate  method was the technique used
198 139by Warashlna and Ikegama. ^ Sant iago and coworkers,  on the
o th e r  hand, used these r e s u l t s  as crude es t im a tes  f o r  the parameters ,
which they r e f i n e d  by per fo rming the c a l c u l a t i o n s  e x p l i c i t l y .  In t h i s
way they were a b le  to e l i m i n a t e  any e r r o r  which may have a r is e n  by
using the approximate  method f o r  d i a g o n a I i z i n g  the s t a t i s t i c a l  weight
m a t r i x .  I t  is  these values which a re  considered as c o r r e c t  here fo r
the L -g lu ta m ic  a c id  re s id u e  in 0 .1  M NaCI a t  the in d ic a te d  temperature .
The s t a t i s t i c a l  weight  m a t r i x  f o r  the i o n i z a b l e  res idues  is ;
r e s  i due i c (0) c ( - ) M O ) h ( - )
r e s [due i -1
c<0) 1 Y o  s V o s
UJ  - c< - ) 1 Yucc o s Yosu
h (0) 1 Y s YS
h ( - ) 1 Yuhc s Ysu
1^3
This  m a t r i x  d i f f e r s  from the one employed by Uarashina and ikegama by
the f a c t  t h a t  t h i s  m a t r i x  is the transpose o f  t h e i r  m a t r i x .  Columns
index the s t a t e  o f  res id u e  i ,  and the  rows th a t  o f  i - 1 ,  and the order
o f  indexing is c ( 0 ) ,  c ( - ) ,  h ( 0 ) ,  and h ( - ) . Here h denotes a res idue  in
a h e l i c a l  s t a t e ,  c denotes a res idue  in a n o n h e l ic a l  o r  c o i l  s t a t e ,
and the charge s t a t e  o f  the si dechain  is in pa ren these s .  The Zimm- 
2 RBragg parameters a and s here r e f e r  to the e l e c t r i c a l l y  n e u t ra l  
re s id u e .  The i n t r i n s i c  d i s s o c i a t i o n  constant  and pH determine  Y accord­
ing to  10p^ p* ° .  The s t a t i s t i c a l  weight m a t r i x  a p p r o p r ia t e  f o r  a 
res idue  which is not io n i z a b l e  in the pH range o f  i n t e r e s t  is simply  
the m a t r i x  in equ at io n  92 w i t h  the second and f o u r t h  columns n u l l e d .
The c o n t r i b u t i o n  to  the s t a t i s t i c a l  weight  made by the e l e c t r o s t a t i c  
i n t e r a c t i o n  o f  ne ighbor in g  s id ec ha ins  is denoted by uc c , u ^ ,  uh c , and 
u^h . The i n t u i t i v e  e x p e c t a t io n  is t h a t  1> uc c > u ^  because e l e c t r o ­
s t a t i c  i n t e r a c t i o n s  a r e  r e p u l s i v e  and much more severe in the alpha  
h e l i x  than in the random c o i l .  The r e l a t i v e l y  in f r e q u e n t  occurence o f  
h e l i x  ends in the charged co p o lyp ep t id es  should perm it  the use o f  an 
approximate  form o f  uc  ̂ and u^c . The a pprox im at ion  a p p l ie d  here  Is
uch = uhc *  <ucc ‘ uhh} i ‘
The c o n f i g u r a t i o n  p a r t i t i o n  f u n c t i o n ,  Z, is
Z = r o w ( l , 0 , 0 , 0 )  Uf n c o l ( 1 , 1 . 1 , 1 )  (93)
Fo l low ing  the p r i n c i p l e s  descr ibed  In the i n t r o d u c t i o n ,  the p r o b a b i l i t y  
t h a t  a re s id u e  w i l l  be i o n i z e d , a ,  is
a -  n ' W o w O  , 0 , 0 , 0 , 0 , 0 , 0 , 0 )  0 n col ( 0 , 0 ,0 ,0 ,1 ,1 ,1 ,1) (9*0
- a
and the p r o b a b i l i t y  t h a t  a re s idue  is in a h e l i c a l  s t a t e  is
where Ux is ob ta ined  from Ux by n u l l i n g  the elements in two columns.
The columns n u l le d  a re  the f i r s t  and t h i r d  f o r  x * a  , and the f i r s t
and second f o r  x ■ f ^ .
The c a l c u l a t i o n  o f  f^  and a was c a r r i e d  out e x p l i c i t l y  f o r  the  
random copolypept ides  as fo l lo w s  : A sequence o f  random numbers, each 
between zero and one,  was genera te d .  I f  the number was less  than or  
equal to the mole f r a c t i o n  o f  L - g lu t a m y l ,  then the res idue  in quest ion  
was designated  as L - g lu t a m y l .  Otherwise  the res idue  was designated  as 
e i t h e r  L -a la n y l  or L - t y r o s y l .  A va lue  o f  n,  the number o f  res idues  per 
c h a in ,  o f  3 0 0  was used as t h i s  g ives  a good approximat ion  to a chain  
o f  i n f i n i t e  m o lecu la r  weight w i th o u t  expending a g re a t  deal  o f  computer  
t ime ,  f^  and a were c a l c u l a t e d  using equat ions  9** and 9 5 ,  r e s p e c t i v e l y .  
The de s i re d  a and f^ is the average  o f  such values over  an i n f i n i t e l y  
l a rg e  sample o f  random c o p o ly p e p t id e  c h a in s .  For p resent  purposes 
these q u a n t i t i e s  were approximated as the average  o f  such values  
obta in ed  from fo u r  s e t s ,  each c o n ta in in g  2 5 0  independently  grown 
c h a in s .  This sample s i z e  was deemed s u f f i c i e n t l y  l a rg e  because there  
was good agreement in the averages deduced from the f o u r  s e t s .
The va lues  o f  cr and s f o r  the d ischarged L -g lu tamyl  r e s id u e  in 0.1  
M NaCl a re  taken from Sant iago  e t  a l  . The va lues  fo r  the L -a la n y l
and L - t y r o s y l  res idues  a re  from re fe re n c e s  36 and k2 ,  r e s p e c t i v e l y .
RESULTS
The c i r c u l a r  d lchrofsm spectra  f o r  both copo lypept ides  a re  those  
expected f o r  a random c o i l  a t  n e u t ra l  pH a t  a l l  temperatu res .  Both 
copolypept ides  undergo a random c o i l  to alpha  h e l i x  t r a n s i t i o n  as the  
pH is lowered and the carboxyl  groups o f  the L-g lutamyl  res idues  are  
n e u t r a l i z e d .  The o n ly  conformat iona l  s ta te s  c o n s is te n t  w i th  the  
c i r c u l a r  d ichro ism  spectra  a re  the random c o i l  and the alpha  h e l i x .
The h e l i c a l  c o n ten t  fo r  the copo Iypept Ides  was c a lc u la t e d  from the  
mean res idue  e l l l p t i c i t y  a t  222 nanometers as f o l lo w s  ;
f h -  ( [ 0 ]  -  f e ] c ) ( 1 9 ]  h -  [ e ) c ) _1 (97)
where [ 9 ]  [ e ]^ a fe  the mean re s idue  el  1 i p t i c i t l e s  fo r  the
c o m p le te ly  d iso rd ered  and com ple te ly  h e l i c a l  molecu le ,  r e s p e c t i v e l y .
A va lue  o f  - * t0 ,700  deg cm^ dmol- ' was used f o r  [ 6 ] ^ -  I t  is the  l a r g e s t
n e g at ive  v a lue  measured on our s p e c t r o p o la r lm e t e r  f o r  p o lyhydroxybuty 1 -  
181g lu ta m in e .  Th is  va lue  is in reasonable  agreement w i t h  the c i r c u l a r
j a j . 20?
d ic hro ism  repor ted  f o r  c o m p le te ly  h e l i c a l  p o l y - L - g 1utamic a c i d .
The mean res idue  e l l i p t i c i t y  a t  222 nm is v a n is h in g ly  small f o r  d i s o r d ­
ered p o l y - L - g l u t a m i c  a c i d ,  which should perm it  the approxim at ion  o f  
[6 Jc as z e r o .
The data  from the p o t e n t io m e t r i c  t i t r a t i o n s  was p lo t t e d  in the usual  
manner, 195 .196  anj  these t i t r a t i o n  curves a re  d ep ic ted  in f i g u r e s  
2*t and 25.
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F i g u r e  2 *
1*7
The  t i t r a t i o n  c u r v e s  a t  S ° , 2 2 ° ,  and 3 6 ° C  o f  
t h e  L - g l u t a m i c  a c i d - L - t y r o s i n e  c o p o l y m e r  I n  
0 . 1  M N a C I .  The  v a l u e  o f  pKQ o b t a i n e d  by e x t r a ­
p o l a t i o n  i s  * . 7 6  f o r  an L - g l u t a m i c  a c i d  r e s i d u e  









F i g u r e  2 5 .  The t i t r a t i o n  c u r v e s  a t  9 ° ,  2 2 ° ,  and  3 6 6 C f o r  
t h e  L - g l u t a m i c  a c i d - L - a  I a n i n e  c o p o l y m e r  in 
0 . 1  M N a C l .  The  v a l u e  f o r  p o b t a i n e d  by e x t r a ­
p o l a t i o n  i s  A . 9 5  f o r  an L - g l u t a m i c  a c i d  r e s i d u e  
















The charge induced h e l i x - c o i l  t r a n s i t i o n  In p o l y - l - g l u t a m i c  a c id  
has been s tud ied  f o r  many years  by severa l  groups o f  r e s e a r c h e r s ) - ^ - ^ ®  
Several  t h e o r e t i c a l  t rea tm ents  have been introduced to r a t i o n a l i z e  
t h i s  t r a n s i t i o n .  Some o f  these methods a re  approximate  s o lu t io n s  to  
r igorous  trea tm ents  o f  the e l e c t r o s t a t i c  i n t e r a c t i o n s .  The model
which shows the most promise f o r  ex ten s io n  to  the t rea tm ent  o f  the  
e l e c t r o s t a t i c  i n t e r a c t i o n s  in random copolypept ides  is t h a t  o f  Zimm 
and Rice.  As mentioned p r e v i o u s l y ,  t h i s  t rea tm ent  has been a p p l ie d
wi t h  good success by Sant iago and coworkers to p o ly - L - g lu t a m ic
acid  a t  v a r io u s  temperatures and io n ic  s t re n g th s .
One very important  c o n s id e r a t io n  f o r  any p o s s ib le  t h e o r e t i c a l  t r e a t ­
ment is whether  or not i t  is a c t u a l l y  t r a c t a b l e  f o r  the system o f  
i n t e r e s t .  I f  the Zimm-Rice theory  is a p p l i e d ,  and c o n s id e r a t io n  is 
given o n ly  to neares t  neighbor i n t e r a c t i o n s ,  then the r e s u l t a n t  
s t a t i s t i c a l  weight m a t r i x  is o f  o rd er  k x k .  I f  t h i s  is combined wi t h  
methods f o r  o b t a in in g  a sampling o f  computer generated random copolyner  
m olecu les ,  and perfo rming the a p p r o p r ia t e  c a l c u l a t i o n s ,  then one has 
a p o t e n t i a l l y  powerful  tool  f o r  g a in in g  i n s ig h t  i n to  the n a ture  o f  the  
charge induced h e l i x - c o i l  t r a n s i t i o n  in these m olecu les .  Th is  method 
is  c e r t a i n l y  not as r igorous  as those which a re  a p p l i c a b l e  to  homopoly­
p e p t id e s ,  but much can be learned  by i n v e s t i g a t i n g  i f  t h i s  t re a tm ent  
works,  and i f  I t  does n o t ,  why. The parameters  used f o r  the L -g lu tamyl  
res idue  a re  taken from re fe re n c e  199,  and those f o r  the L - a l a n y l  and 
L - t y r o s y l  res idues  a re  from re fe re n c e s  36 and *»2, r e s p e c t i v e l y .
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The best t e s t  o f  any t h e o r e t i c a l  t rea tm ent  is  v ia  comparison o f  the  
r e s u l t s  c a l c u l a t e d  and those obta ined  from expe r im ent .  A comparison  
o f  the r e s u l t s  ob ta ine d  by c a l c u l a t i o n s  c a r r i e d  ou t  as descr ibed  in 
t h i s  chap ter  and those obta ined  e x p e r im e n t a l l y  is presented in f i g u r e  
26 f o r  the L - t y r o s y l  copolymer and f i g u r e  27 f o r  the L -a la n y l  copo ly ­
mer. The p lo ts  d e p ic t  both the degree o f  i o n i z a t i o n ,  , and f r a c t i o n  
h e l i x  as a f u n c t io n  o f  pH f o r  the co po lypept ides  in 0.1 M NaCl a t  22°C.  
I t  can be seen t h a t  w h i le  the t rea tm en t  captures  the e s s e n t i a l s  o f  the  
t r a n s i t i o n ,  the agreement between theory  and exper iment Is not as good 
as one would hope f o r .  This lack  o f  success is not r e a l l y  s u r p r is in g  
c o n s id e r in g  the f a c t  t h a t  o n ly  neare s t  neighbor  in t e r a c t i o n s  a re  being 
cons idered .  There a re  severa l  o th e r  p o in ts  to cons ider  b e fo re  r e t u r n in g  
to t h i s  1 imi t a t  i o n .
There a re  several  important  p o in ts  to cons ide r  w i t h  regards to  these  
c o p o ly p e p t id e s ,  which have a bear ing  on j u s t  how good or  bad t h i s  model 
is f o r  the t r a n s i t i o n .  One such c o n s id e r a t io n  is  whether o r  not one 
can j u s t i f y  a d i f f e r e n t  va lue  f o r  the i n t r i n s i c  d i s s o c i a t i o n  constant  
f o r  an L -g lu tamyl  res idue  in the copo lypept ides  compared wi t h  the same 
re s idue  in the homopolymer. Another p o in t  is whether an adjustment o f  
the parameters o f  the model can be made which would r e s u l t  in b e t t e r  
agreement between theory  and e xp er im en t ,  and even more im por tan t ,  
whether  such a change can be j u s t i f i e d  in terms o f  the c hem is try  and 
physics  o f  the molecules under s tudy.  I n s ig h t  can a ls o  be gained by 
examining what has been done by o th e r  workers w i t h  s i m i l a r  m olecules .
The e x t r a p o l a t i o n  to pKQ, the i n t r i n s i c  d i s s o c i a t i o n  c o n s t a n t ,  is 
made wi t h  the g r e a t e s t  amount o f  accuracy f o r  these copolymers using  
the h e l i c a l  p o r t io n  o f  the t i t r a t i o n  cu rves .  I t  can be seen from the
1 5 3
F i g u r e  26 . A p l o t  o f  t h e  d e g r e e  o f  i o n i z a t i o n ,  a ,  (A)  a nd
f r a c t i o n  h e l i x ,  f , , ( • )  as a f u n c t i o n  o f  pH f o rh
t h e  L - g l u t a m i c  ac I d - L - t y r o s i n e  c o p o l y m e r  i n  
O . l  M NaCl  a t  2 2 6 C.  T he  p o i n t s  a r e  f r o m  e x p e r i ­
me nt  and t h e  l i n e s  a r e  c a l c u l a t e d  f r o m  t h e o r y .
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F i g u r e  2 7 -  A p l o t  o f  t h e  d e g r e e  o f  i o n i z a t i o n ,  a ,  ( A ) ,  and
f r a c t i o n  h e l i x ,  f , , ( # ) ,  as  a f u n c t i o n  o f  pHh
f o r  t h e  L - g t u t a m i c  a c i d - L - a 1 a n i n e  c o p o l y m e r  i n  
0 . 1  M NaCl  a t  2 2 ° C .  The  p o i n t s  a r e  f r o m  e x p e r i ­
ment  and t h e  l i n e s  a r e  c a l c u l a t e d  f r o m  t h e o r y .
f r a c t io n  h e l ix
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t i t r a t i o n  curves presented here ,  and a ls o  those o f  o thers  who studied  
random copo lype pt ide s  c o n ta in in g  L-gtuamyi and L - te u c y l  r e s id u e s ,  
t h a t  the e x t r a p o l a t i o n  y i e l d s  a h igher  v a lu e  f o r  pKQ f o r  the L-g lu tamyl  
residues in the copolymer compared to  t h a t  in the homopolypepttde.  This  
d i f f e r e n c e  appears to increase  in p ro p o r t io n  to the increase  in non-  
i o n i z a b le  res idue  content  in the c o p o lyp e p t id e s .  Nylund and M i l l e r ^ ^  ® 
dismissed the no t io n  o f  an increased v a lu e  f o r  pKQ f o r  L -g lutamyl  
residues in copolymers c o n ta in in g  L - l e u c y l  res idues  by examinat ion  o f  
molecu la r  models.  They reasoned t h a t  i f  the access o f  the s id ec ha tn  
carboxyl  groups to  the p o la r  s o lv e n t  is not i n t e r f e r e d  w i th  o f  
r e s t r i c t e d  by the n o n io n iz a b le  si  decha ins ,  then th e re  is no r a t i o n a l i ­
z a t io n  f o r  using any v a lue  o f  pKc f o r  an L -g lu tamyl  res idue  o th e r  than  
the one f o r  a res idue  in the homopolymer. Such conclus ions drawn from 
molecu la r  models a re  not borne out by the behavior  o f  the molecules  
in s o l u t i o n ,  and the e xper im enta l  r e s u l t s  i n f e r  t h a t  pKQ is h ig h e r .
The next qu e s t io n  to address is whether o r  not the parameters o f  
t h i s  model can be ad ju s ted  to g i v e  b e t t e r  agreement wi t h  exper im ent .
The answer to  t h i s  qu e s t io n  is yes,  however,  the adjustment which has 
to be made is in c o n f l i c t  w i t h  what is known about the physics o f  
these m olecu les .  One must now r e t u r n  to a c o n s id e r a t io n  o f  the e l e c t r o ­
s t a t i c  i n t e r a c t i o n  parameters which appear in the s t a t i s t i c a l  weight  
m atr ices  used in the c a l c u l a t i o n s .  To be b l u n t ,  one needs to cons ider  
only  one o f  these param eters ,  u£ C , as the o th e rs  a re  considered to  be 
equal to ze ro .  ^99 u j s the c o n t r i b u t i o n  to  the s t a t i s t i c a l  weight  
r e l a t e d  to the e l e c t r o s t a t i c  i n t e r a c t i o n  between ne ighbor in g  charged  
random c o i l  r e s id u e s ,  i f  one examines the d i f f e r e n c e s  between the  
c a l c u l a t e d  and e xper im enta l  va lues  f o r  a and f^  as a f u n c t io n  o f  pH,
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then i t  is a t  once obvious in which d i r e c t i o n  ucc must be changed in 
o rde r  to maximize agreement between theory  and expe r im ent .  I f  the  
v a lue  o f  ucc is increased then the c a lc u l a t e d  va lues  o f  f^  decrease  
and a inc rea se .  This would increase  the agreement between theory  and 
exp er im en t ,  but can such an increase  in ucc be j u s t i f i e d  from funda­
mental p r i n c i p l e s  7 S t r i c t l y  speak ing ,  and i f  on ly  ne are s t  neighbor  
i n t e r a c t i o n s  a re  cons idered ,  then the answer is no. On the a verage ,  the  
charged carboxy ls  a re  separated by a g r e a t e r  d is ta n c e  in the copolymers 
than in the homopolymer, but t h i s  e f f e c t  can not be considered w i t h i n  
the c ontext  o f  neares t  neighbor  i n t e r a c t i o n s .  One p o s s ib le  r a t i o n a l i ­
z a t io n  has to  do w i t h  the d i e l e c t r i c  c o n s t a n t .  C l e a r l y ,  the d i e l e c t r i c  
c onstant  in the immediate a rea  o f  the p o ly p e p t id e  backbone is lowered 
by the i n c o r p o r a t io n  o f  n o n io n iz a b le  res idues  i n to  the polymer.  By a l l  
accounts ,  however, i f  any th ing  t h i s  would g r e a t l y  increase  the i n t e r ­
a c t io n  between the two charged groups, and hence r e s u l t  in a lower  
s t a t i s t i c a l  weight  fo r  the two a d ja c e n t  charged res idues  in any c o n f o r ­
mational  s t a t e .  The equat ions  f o r  the e l e c t r o s t a t i c  p o t e n t i a l  fo r
d i s c r e t e  charges a t ta ch ed  to spheres o f  low d i e l e c t r i c  medium immersed
209in a high d i e l e c t r i c  medium have been solved by Tanford  and Kirkwood.
As the charges a r e  embedded f u r t h e r  i n t o  the low d i e l e c t r i c  medium the  
e l e c t r o s t a t i c  i n t e r a c t i o n  increases enormously.  As the charges a re  
f u r t h e r  embedded, more o f  the e l e c t r i c  l i n e s  o f  fo r c e  a c t  through the  
low d i e l e c t r i c  medium and g i ve  r i s e  to increased i n t e r a c t i o n .
Th is  leaves one to ponder the shortcomings o f  t h i s  model which  
cause the lac k  o f  agreement between theory  and expe r im ent .  Considering  
the enormous c om plex i ty  o f  the system i t  is easy to t h i n k  o f  many 
reasons fo r  such f a i l u r e .  However,  i t  is  o f  importance here to note
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those major c o n t r i b u t i o n s  to the physics o f  the system which are  
ignored in the a n a ly s is  presented in t h i s  c h a p t e r ,  which may p oss ib ly  
be inc orpora ted  I n t o  a t r a c t a b l e  t re a tm e n t .  I f  one examines the  s t r u c ­
tu r e  o f  the a lpha  h e l i x ,  and e s p e c i a l l y  the d i s p o s i t i o n  o f  the s id e -  
c h a in s ,  i t  is a t  once obvious t h a t  i n t e r a c t i o n s  between p a i r s  o f  
residues th re e  and four  p o s i t io n s  a p a r t  a re  as important  as those  
between neares t  ne ighbors .  These i n t e r a c t i o n s  can be incorpora ted  
i n t o  a t re a tm en t  which can u l t i m a t e l y  be condensed to  a U x 1* s t a t i s ­
t i c a l  w e ight  m a t r i x ,  and work in t h i s  d i r e c t i o n  should y i e l d  v a lu a b le  
i nformat  i o n .
In c o n c lu s io n ,  i t  can be seen t h a t  the Zimm-Rice theory  and the  
parameters determined from homopolymers does not ad eq u ate ly  account fo r  
the e l e c t r o s t a t i c  i n t e r a c t i o n s  in these random c o p o ly p e p t id e s .  The 
reasons have been discussed e x t e n s i v e l y ,  and i t  seems t h a t  a path  
towards a more adequate t rea tm en t  is both in o rder  and in s i g h t .
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